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FOREWORD 


This  report  was  prepared  by  Hughes  Aircraft  Company,  Culver  (aty, 
California,  RadarjAvionics,  under  U.  S.  Air  Force  Contract  F33(6 15)-74-C-9098, 
initiated  under  Project  2049,  Task  01,  and  Work  Unit  05. 

The  work  was  administered  under  the  direction  of  the  Control  Systems 
Development  Branch  of  the  Flight  Control  Division,  Air  Force  Flight  Dynamics 
Laboratory,  Air  Force  Systems  Command,  Wright-Patter son  Air  Force  Base, 
Ohio  by  Ralph  E.  Guth  (AFFDL/FGL),  Project  Engineer. 

This  report  covers  work  performed  from  May  1974  to  April  1975.  The 
project  was  directed  by  D.  K.  Eto.  The  simulation  facility  integration  was 
directed  by  J.  W.  Weber,  with  analytical  support  from  D.  W.  Streuber, 

H.  F.  Eide,  T.A.  Bossier,  and  B.  Ulrick.  E.  Streeter  conducted  the  simula- 
tion trials . 

This  report  was  submitted  by  the  author  in  April  1975. 
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SECTION  I 
INTRODUCTION 


The  overall  objectives  of  the  Tactical  Data  System  program  are: 

(a)  to  demonstrate  the  multi-mode  aspects,  capabilities,  outputs  design 
validitv  and  crew  interface  characteristics  of  a baseline  integrated  control 
data  management  system  concept  for  single  pilot,  multi- role  tactica  *ircra 
projected  for  the  1975-85  time  period;  (b)  to  compare  and  document  the 
capabilities,  advantages  and  limitations  of  the  baseline  system  with ^cu 
systems  in  present  day  aircraft;  (c)  to  evaluate  those  areas  of  the  baseUne 
system  concept,  which  have  been  identified  under  Contract  F33615-75-C  126Z 
as  being  critical  to  single  pilot  performance  of  the  complex  design  mission, 

(d)  to  define  unique  facility  requirements  and  recommendations  for  imple- 
menting integrated  flight  data  management  system  concepts  on  the  Air  ^orCe 
Flight  Dynamics  Laboratory  simulation  facilities;  and  (e)  to  provide  desig 
criteria  to  the  DAIS  program  in  the  area  of  integrated  flight  control/ weapon 
delivery  steering  algorithms. 

To  meet  these  objectives  the  efforts  of  this  study  were  directed 
toward  a design,  implementation,  and  test  of  a r eal- time,  integrated  flight 
control/weapon  delivery  system  simulator.  The  system  is  lmplemente  in 
a cockpit  mockup  with  active  controls  and  displays,  two  digital  computers, 
and  an  analog  computer. 

This  study  focuses  on  the  air-to-ground  mission;  it  mechanizes  those 
functions  required  to  realize  an  all-automatic  weapon  delivery  capability  and 
also  integrates  the  controls,  displays,  and  symbology  required  by  the  pilot 
to  perform  some  of  the  air-to-ground  attack  functions  manually.  This  simu- 
lation was  then  used  to  measure  the  pilot's  relative  workload  when  the  manual/ 
automatic  boundary  is  moved,  that  is,  when  manual  or  automatic  ayrcraft 
steering  are  provided  to  the  pilot.  In  addition,  a measure  of  the  pilot  s capa- 
bility to  perform  an  air-to-ground  attack  using  a vertical  situation  display 
(VSD)  head  down,  was  taken.  These  simulated  attacks  were  performed 
under  a variety  of  external  conditions,  which  provided  varying  pilot  workload. 

This  simulator  is  an  expansion  of  a simulator  that  was  implemented 
and  tested  under  Contract  F336 1 5 -73 -C -3 1 23  , completed  in  May  1974  (Refer- 
ence 1)  The  present  system  expands  the  region  of  operability  to  inclu  e 

variable  aircraft  velocities,  altitudes  and  dive  angles  ’ ,wl,nd  TV^ 

sensor  noise.  The  head -down  attack  capability  was  added  with  FLIR  or  1 V 
imagery,  coordinated  with  aircraft  motion,  being  presented  through  a \bD. 

The  generic  aerodynamic/flight  control  model  of  the  earlier  version  was 
replaced  by  the  A-7D  aerodynamics  and  the  flight  path  (FP)  mode  of  the 
X-7D  multimode  flight  control  system  model.  The  autopilot  was  modified  to 
be  able  to  handle  nonzero  wind  conditions.  A separate  autopilot  derived  using 
o^mal  control  techniques  is  available  for  integration.  Because  of  budget -nd 
time  constraints,  the  optimal  autopilot  was  not  incorporated  into  the  Simula 
tor,  but  is  discussed  in  Appendix  IV. 
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Under  Contract  F3361  5-72-C-1262  completed  in  May  1973  (Refer- 
ence  2),  a baseline  integrated  data  management  system  concept  was  developed 
for  a single-pilot,  multiple  - role  tactical  aircraft  projected  for  the  1975  to 
1985  time  period.  In  that  study,  a tentative  boundary  between  manual  and 
automatic  operations  was  established  for  all  phases  of  an  air  combat  mission 
and  a strike  mission. 

During  the  study  documented  in  Reference  1,  the  benefits  of  automatic 
target  tracking  over  manual  target  tracking  in  both  system  accuracy  an^ 
pilot  workload  became  so  apparent  that  automatic  tracking  was  made  a system 
requirement  for  the  present  study.  With  target  tracking,  an  automatic 
weapon  release  function  can  be  implemented  and  is  also  included  in  the  y 
tern  design.  Thus, manual  target  tracking  and  manual  weapon  release  are 
longer  options  in  the  present  system. 

The  purpose  of  the  man-in-the-loop  experiments,  performed  in  the 
present  study,  was  twofold:  l)  to  determine  the  system  accuracy  under 

various  conditions  --  head-up  and  head-down,  manual  and  automatic  aircraft 
steering,  various  release  conditions,  and  with  avionic  sensor  noise;  and 
2)  to  determine  the  pilot  workload -pilot  performance  relationship  over  this 
operating  region. 

The  designs  implemented  and  tested  in  this  study  represent  another 
steo  in  the  development  of  a flight  command  core  of  functions  and  functiona 
requirements . The  impetus  to  the  development  of  these  functional  re^\re’ 
ments  is  the  emergence  of  digital  flight  control  and  avionic  systems.  Digital 
flight  control  systems  in  aircraft,  designed  integrally  with  the  aircraft  aero- 
dynamics through  control- configured  vehicle  concepts  do  not  automatically 
ensure  a superior  air  weapon  system.  The  precise  and  variable  control 
available  to  a pilot  must  be  used  intelligently  and  in  a timely  manner  to 
realize  its  benefits.  The  means  by  which  the  new  capability  is  exploite  1S 
the  flight  command  system.  The  Tactical  Data  System  of  which  the  au  opllot 
in  the  present  study  is  a part,  provides  functions  of  system  status,  pi 
assist,  and  automatic  flight  commands. 

The  report  begins  with  a summary  of  the  principal  outputs,  conclu- 
sions , and  recommendations  in  Section  II , followed  by  a de.cript.on  of  *e 
manned  simulations  and  a discussion  of  the  results  (Section  J1'  * ' ' 

tion  of  the  simulation  hardware  and  software  (Section  IV),  and  concludes 
with  recommendations  of  a procedural  nature. 
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SECTION  II 
SUMMARY 


The  efforts  on  this  study  resulted  in  several  outputs^consWerably 

different  from  the  outputs  documented  in  e erence 

. A real  time  simulator  of  a single  -seat  multirole  aircraft  *“  an 

controls 

. Implementation  of  an  angle  rate  bombing  86,1801 

noise,  and  two  Kalman  filters  to  process  these  noisy 

measurements . 

* prTvious^udy’,  and^TerlveYunder  ^ 'more  generalized 
conditions . 

. System  performance  measured  under  various  external  conditions, 
and  pilot  performance  versus  pilot  workload. 

The  conclusions  that  apparently  are  forming  from  the  limited  amount 
of  data  that  was  gathered,  and  analyzed  are: 

wnn  in  VSD  and  VSD  to  HUD  transitions  during  the  terminal 
* ponton  of  an  air-to-ground  attach  are  feasible  and  do  not  result 
in  weapon  delivery  degradation. 

target  detection  performance  comparable  to  that  of  a piLo  p 
ating  from  a HUD  (head -up) 

flight. 

• SGSSSSESSSSf^Js* 

wise,  the  pilot  can  do  the  job  manually  as  well  as  the  autopilot. 

. The  presence  of  wind  did  not  significantly  affect  manual  weapon 
delivery  performance.  The  autopilot  performed  as  well  as  the 
pilot  in  removing  the  errors. 

* If  a pilot  can  detect,  acquire,  and  lock  onto  a target  at  a range  of 
5f  toP8  miles,  by  whatever  means,  he  can  deliver  a free-fa 
weapon  equally  as  well  head-down  as  head -up. 
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Recommendations  of  a procedural  nature  related  to  the  integration, 
test,  and  validation  of  the  simulator  are  provided  in  Section  V.  ; 

Several  natural  extensions  to  this  effort  are  recommended,  assuming 
flight  test  is  not  a practical  reality,  to  further  validate  the  usefulness  of  the 
autopilot  flight  command  function  for  an  air-to-ground  mission. 

• Have  the  pilots  vary  their  division  of  attention  between  the  lights 
and  weapon  delivery  tasks  but  keep  their  attention  to  the  total 
task,  lights  and  weapon  delivery,  constant  and  fully  occupied. 
This  procedure  will  result  in  a better  assessment  of  workload- 
performance  relationship. 

• Incorporate  the  newly  derived  autopilot  into  the  simulator  to 
assess  its  performance  in  reducing  pilot  workload. 

• Transfer  the  simulation  to  a moving  base  simulator  to  assess  the 
effect  of  autopilot-induced  aircraft  motion  on  pilot  performance. 

Additional  runs  are  being  run  to  further  substantiate  the  conclusions 
drawn  from  work  accomplished  to  date  and  a supplement  to  this  report  will 
be  published  to  document  the  findings. 


SECTION  III 
SIMULATION  TESTS 


3.1  PURPOSE  AND  OBJECTIVES 

The  output  of  the  simulation  tests  are  of  two  types:  total  system  cross 
track  miss,  and  pilot  workoad  pitot  sKermg  ^ total 

type  of  data  shows  the  tm^ct  of  Uie  El  g d t<>  clarl(  the  benefits  of  the 

weapon  system  task  and  the  secona  d workload.  The  data 

flight  command  function  on  the  pilot  s pertormance  * 
output  format  (Figure  1)  shows  the  -^ationshrp 

deHveery°ra”dnoC„ee  without  for  several  external  conditions.  (See  paragraphs.  2. 
The  current  phase  of  the  tactical  data  system  (IDS)  test  program 

loads.  A head-down  weapon  deUverycap^  was  modified  to  provide 

aPrange^  o'f  wind dirTctons  and  velocities.  More  realistic  conditions  wer 
provided  with  the  addition  of  sensor  and  mechameatton  no^se_  A true  at 
H i ♦ \AxrY i 0 5 to  0 9 was  available.  ine  weapon  ueuvci  y 

In “ddWon. vLious  combinations  of  these  variables  were  stmulated  and 
evaluated . 

Two  features  used  in  the  previous  simulation,  manual  target  tracking 
system. 

The  impact  of  these  variables  on  weapon  accuracy  and  pilot  worMoad 

m-  * ™ sszt - * ^tu!S 

dual  trial  mi  t-rials  were  performed  by  experi- 

^„;:[^^^^^dt“Lt:^^l^:ati^s  and  the  Jse  of 
advanced  display  and  control  technology. 

Weapon  impact  accuracy  was  the  prime  indicator  of  mission  success. 

Sa-werr  r s on 

auantifv  the  impact  of  TDS  features,  mission,  and  environmental  factor 
overall  mission  performance.  The  overall  goal  is  the  determination  of  a set 
of  desig^criteria  which  will  be  applicable  to  advanced  integrated  weapon/ 
delivery  flight  control  systems. 
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3.2  TEST  DESCRIPTION 
Terminal  Attack  Parameters 


The  TDS  simulation  of  the  weapon  delivery  phase  of  the  fighter -bomber 
(F-B)  mission  focused  on  the  terminal  attack  segment  and  accommodated  the 
following  operational  parameters. 

L)  Range  - The  simulated  attacks  were  initiated  at  approximately 
8 to  9'  miles  from  the  target,  or  1 minute  out. 

2)  Airspeed  — A range  of  speeds  from  Mach  0.5  to  0.9  were  available 
for  individual  weapon  delivery  runs.  Each  run  was  flown  at  a 
constant,  preselected  airspeed.  There  was  no  throttle  control 
available  to  the  subject. 

3)  Flight  Altitudes  - The  attack  was  initiated  at  altitudes  of  1000  and 
500  0 feet.  The  attack  was  flown  at  either  a constant  altitude  or 
through  a dive  maneuver.  The  pilot  subject  had  normal  pitch 
control  through  the  flight  stick. 

4)  Wind  - The  attacks  were  conducted  in  a no-wind  environment  or 
with  a selected  wind  condition  in  terms  of  velocity  or  direction. 

5)  Ground  Target  — A simulated  tank  target  was  used  in  all  attacks. 
Atmospheric  conditions  which  permitted  initial  visual  detection 
at  a range  of  approximately  5 miles  were  assumed. 

6)  External  Targets  - Airborne  targets  were  simulated  by  20  lights 
positioned  at  the  9 through  3 o'clock  positions  external  to  the 
cockpit.  Individual  Lights  were  illuminated  randomly  in  terms 

of  sequence  and  time  interval.  The  lights  remained  on  for  a period 
of  1 second,  or  until  extinguished  by  pilot  trigger  action.  The 
interval  between  illumination  of  the  lights  was  randomly  varied 
from  1 to  5 seconds. 

Previous  analyses  conducted  under  Contract  F336 15 -72 -C -l 262  high- 
lighted the  criticality  of  the  weapon  delivery  phafle  of  the  F-B  mi  SB  ion  to  over- 
all miBBion  success.  During  this  mission  segment,  the  pilot  must  manage  tne 
tactical  senaor,  navigation,  armament  and  ECM  systems,  maintain  visua 
surveillance  of  potential  air-to-air  and  ground-to-air  threats,  communicate 
with  a forward  air  controller  and  other  friendly  aircraft,  and  fly  the  aircraft. 
All  of  these  tasks  must  be  performed  while  attempting  to  successfully  deliver 
a weapon  to  a target.  The  combination  of  mission  criticality  and  pilot  task 
complexity  prompted  the  selection  of  this  mission  segment  for  simulation  and 
use  as  a framework  for  the  evaluation  of  key  TDS  concepts. 

TDS /Simulation  System  Features 

The  TDS  simulation  made  a series  of  system  features  available  to 
pilot  subjects  for  the  conduct  of  the  terminal  attack.  Included  were  attack 
steering,  flight  control,  weapon  release,  cockpit  display , and  maneuvering 
features . 
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1)  Attack  Steering  - Two  types  of  attack  steering  were  provided. 

a t Comouted  azimuth  lead  (CAL)  - Azimuth  steering  guidance 
directed  the  aircraft  to  a flight  path  and  weapon  release 
point  from  which  the  weapon  would  impact  the  target. 

b)  Continuous  computed  impact  point  (CCIP)  - A display ^pre- 
sentation  of  the  impact  point  of  the  weapon  was  provided. 


2)  Flight  Control  - The  pilot  had  the  option  of  manual  flight  control 
(pitch  and  bank)  through  a standard  flight  stick  or  autopilot 
flight  control.  In  autopilot,  the  aircraft  flies  straight  and  level 
until  target  lockon.  Following  lockon,  the  aircraft  automatically 
responded  in  the  lateral  direction  to  attack  steering  commands 
up  to  the  point  of  weapon  release. 


3)  Weapon  Release  - An  automatic  weapon  release  feature  was 
provided . 

4)  Cockpit  Displays  - Two  displays  were  provided  for  flight  control 
and  weapon  delivery. 

a)  Head -up  display  (HUD)  - A HUD  was  available  for  simulated 
visual  target  acquisition,  normal  flight  control,  and  attack 
steering. 

b)  Vertical  situation  display  (VSD)  — A VSD  was  provided  for 
simulated  TV  sensor  acquisition  of  the  target,  flight  control, 
and  attack  steering. 


5)  Attack  Maneuvering  - Automatic  aircraft  maneuvers  were  provided 
for  use  during  the' interval  between  target  acquisition  and  weapon 
release  when  operating  on  autopilot. 


Terminal  Attack  Tasks 

In  the  conduct  of  the  simulated  terminal  weapon  delivery  phase  of  the 
F-B  mission,  the  following  tasks  were  required  of  the  pilot  subject. 

1)  Target  Sighting  - A simulated  ground  target  was  presented  to  the 
pilot  at  a range  appropriate  for  the  acquisition  technique  and  dis- 
play device  being  used.  If  a visual  attack,  using  the  head-up 
display  was  being  simulated,  the  target  appeared  at  a range  of 
approximate  5 miles.  When  a head -down  sensor  attack  was  being 
simulated,  the  target  was  presented  at  ranges  up  to  a maximum 
of  8 miles.  In  both  cases,  the  target  increased  in  size  as  the 
aircraft  approached  the  target. 

21  Target  Acquisition  - The  pilot  designated  the  sighted  target  for 

tracking  on  either'the  head -up  or  head -down  display.  A designa- 
tion cursor  was  positioned  over  the  target  and  simulated  sensor 
lockon  was  commanded.  A finger  operated  force  controller  was 
provided  on  the  throttle  for  positioning  of  the  cursor  and  designa- 
tion (lockon)  of  the  target. 
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3}  Tareet  Tracking  - Tracking  of  the  target  was  performed  auto- 
matically by  a' simulated  TDS  automatic  tracking  function. 


4) 


5) 


6) 


Aircraft  Steering  - The  pilot  could  fly  the  aircraft  manually  or  on 
autopilot  throughout  the  weapon  deLivery  sequence.  Following 
target  lockon,  weapon  delivery  steering  information  was  pre- 
sented on  the  selected  display.  The  pilot  could  manually  fly  the 
aircraft  in  response  to  the  steering  commands,  or  the  aircratt 
responded  automatically  if  autopilot  had  been  selected. 

The  steering  symbology,  as  described  in  Section  4,  represents 
a minor  modification  to  the  symbology  used  in  the  initial  study. 
Subjectively,  the  pilot  subjects  reported  that  the  new  symbology 
was  easier  to  use.  There  was  no  attempt  to  quantify  any  per- 
formance difference  between  the  two  symbology  configurations. 
However,  since  performance  was  virtually  identical , the  real 
impact  of  the  change  is  felt  to  be  minimal. 

Bomb  Release  - Release  of  the  simulated  weapon  was  performed 
as  an  automatic  TDS  function. 

Hvl-ernal  Target  Recognition  - Throughout  the  weapon  delivery 
segment,  the  pilot  was  asked  to  maintain  visual  surveillance 
outside  the  cockpit.  Simulated  external  targets  in  the  form  of 
lights  at  selected  positions  were  illuminated  periodically,  ihe 
pilot  responded  to  the  light  by  depressing  the  trigger  located  on 
the  control  stick.. 


3.3  STUDY  VARIABLES 

The  experimental  program  was  configured  to  provide  empirical  per- 
formance  data  relative  to  a series  of  TDS  features  and  operating  environment 
variables.  Individual  variables  were  evaluated  in  an  initial  series  of  experi- 
mental trials  These  trials  were  followed  by  additional  series  which  exam- 
Ted  the  experimental  variables  in  combination  The  basic  objective  through- 
out  the  entire  program  was  that  of  identifying  the  impact  of  individual  van 
ables  and  combinations  of  variables  on  weapon  delivery  performance  and 
pilot  workload. 


Head-Up/Head-Down  Weapon  Delivery 


The  relative  merits  of  simulated  head-up  (visual),  head -down  (sensor) , 
and  combination  head-up/head-down  weapon  deliveries  were  evaluated  in 
terms  of  release  point  accuracy  and  pilot  workload.  This  portion  of  the  pro- 
gram  was  conducted  in  three  parts: 

1)  Head-Up  versus  Head-Down  Weapon  Delivery  — Pilot  subjects 

performed  a series  of  simulated  visual  weapon  deliveries  using 
the  HUD.  These  runs  were  conducted  using  CAL  and  CCIP 
guidance,  and  manual  and  autopilot  aircraft  steering.  The  HUD 
runs  duplicated  trials  performed  during  the  initial  contract 
period  and  provided  a basic  bridge  between  the  two  study  efforts 
that  provided  a basis  for  final  evaluation  of  the  total  two-part 
program. 
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A second  set  of  trials  was  performed  head -down  using  a simu- 
lated TV  sensor  presentation  on  a VSD.  CAL  guidance  and 
manual  and  autopilot  steering  were  used. 

A direct  comparison  of  head -up  and  head -down  performance  was 
made  in  terms  of  release  point  accuracy  and  pilot  workload  as 
indicated  by  external  light  detection  these  data  provide. 

Head-Up  to  Head-Down  Transition  - The  availability  of  both  a 
HTJD  and  a VSD  permitted  an  initial  investigation  of  the  impact 
of  transitioning  from  a HUD  to  a VSD  during  the  course  of  a 
weapon  delivery.  This  is  a significant  factor  in  situations  where 
the  visually  acquired  target  passes  under  the  nose  of  the  aircraft 
prior  to  reaching  a weapon  release  point.  A series  of  trials 
were  conducted  to  establish  a performance  tie  to  the  full  HUD  or 
VSD  run. 

Head-Down  to  Head-Up  Transitions  - A sensor  capability  may 
provide  for  relatively  long-range  target  detection.  The  target 
may  appear  on  the  VSD  at  ranges  beyond  those  at  which  visual 
acquisition  may  be  made  using  the  HUD.  Therefore,  the  final 
HUD/ VSD  option  was  that  of  an  initial  target  acquisition  on  the 
VSD  with  a transition  to  the  HUD  for  target  tracking  and  air- 
craft guidance  to  weapon  release.  A final  set  of  trials  were  con- 
ducted to  provide  data  for  evaluation  relative  to  HUD,  VSD,  and 
HUD/VSD  performance. 


Wind  Effects 

The  initial  study  series  trials  were  conducted  in  a no-wind  environ- 
ment. The  current  series  introduced  a selected  wind  component  to  investi- 
gate the  potential  impact  of  wind  on  release  point  accuracy  and  pilot  workloa  . 
A set  of  trials  were  performed  using  the  HUD  and  CAL  guidance.  The  factors 
which  were  varied  were  aircraft  steering  and  wind.  The  pilot  subjects  flew 
the  aircraft  manually  or  on  autopilot. 

Release  point  accuracy  and  workload  data  were  compiled  for  the  se- 
lected wind  conditions  and  evaluated  relative  to  those  data  obtained  for  the 
earlier  no -wind  HUD  trials. 

Altitude 

An  increase  in  the  altitude  at  which  the  weapon  delivery  is  flown 
typically  decreases  the  time  interval  available  to  the  pilot  between  target 
acquisition  and  weapon  release.  A series  of  trials  were  directed  to  the 
evaluation  of  the  impact  on  release  point  accuracy  and  workload  created  by 
raising  the  initial  flight  altitude  of  the  weapon  delivery  run  from  1000  to 
5000  feet.  Release  point  accuracy  data  were  compared  for  1000  and 
5000  feet  as  was  external  light  detection. 

Complex  Variables 

A series  of  trials  were  conducted  to  evaluate  release  point  accuracy 
and  pilot  workload  under  the  influence  of  a combination  of  the  typical 


..  , . i i 0 Wind  and  altitude  were  combined  with  manual  and 

for  the  complex  variable  runs  were  compared  with  data  for  the  basic  vari 
able  runs  to  identify  any  change  in  performance  accruing  from  the  buildup  in 

operational  factors. 

Maneuvering 

Automatic  diversionary  maneuvering  was  evaluated  on  a United I basis 
to  demonstrate  the  feasibility  of  this  feature  in  an 

Svstem.  Candidate  maneuvers  were  developed  during  the  simulation  mec 
anization  effort.  Release  point  accuracy  and  workload  data  are  compa 
nonmaneuvering  and  maneuvering  trials  to  identify  any  degradation  result  g 
from  the  addition  of  the  maneuver. 

Dive  Profiles 

A final  series  of  trials  were  configured  to  provide  the  pilots  with  an 
oDoortunitv  to  initiate  a dive  toward  the  target  following  lockon.  The  dive 
maneuver  was  manually  controlled  (there  is  no  vertical  component  in  the  pre- 
sent  guidance  techniques)  and  is  performed  by  nosing  over  the  aircraft  to  a 
desired  dWe  angle  (or  to  the  targe,)  as  dictated  by  the  initial  altitude  and 
display/sensor  capabilities. 

This  series  is  designed  to  demonstrate  basic  feasibility.  High  bomb 
dive  angles  are  beyond  the  capabilities  of  the  current  simulate  and  may  be 
considered  for  future  evaluation  in  a flight  test  program. 

3.4  SUBJECTS  AND  TRAINING 

The  four  pilots  who  participated  in  the  initial  test  series  again  served 
as  subjects  in  this  study.  These  pilots  have  an  average  of  over  6000 )how 
flight  time  which  includes  jet  air-to-ground  attack  experience.  They  are  cur 
rently  engaged  in  experimental  flight  test  programs. 

The  combination  of  background,  plus  experience  in  the  initial  test 
series  minimized  training  requirements.  Refresher  trials  were  provided 

to  bring  subject  performance  up  to  the  levels  established  in  8 
gram.  Additional  familiarization  was  provided  in  the  use * of ' th e VSD^  in  th 
performance  of  the  dive  maneuver,  and  in  the  performance  of  the  attack  in 
wind  conditions  and  from  a 5000-foot  initial  altitude. 

ance  standards  were  established  as  a training  criteria  for  all  subjects  prior 
to  initiating  the  formal  test  series.  „ 


3.5  STUDY  TRIALS 

The  experimental  program  consisted  of  a series  of  300  terminal 
attack  trials  as  shown  in  Table  1 . The  standard  trial  unit  was  f"'«  ”PU«’ 
tions  of  each  condition  by  four  subjects  unless  otherwise  "°ted  , 
were  configured  to  exercise  the  seven  study  variables  in  the  following 

segments . 

1 1 


TABLE  1.  TDS  EXPERIMENTAL  TRIAL  MATRIX 


1 1 Head-Up  versus  Head-Dawn  Weapon  Delivery- A total  of 
M l20  trials  were  performed.  Win5,  a Ititude.and  airspeed  were 
constants.  Guidance,  aircraft  steering,  and  the  display  media 
will  be  varied. 

HITD/VSD  Transitions  - 40  trials  - Two  subjects  performed  the 
transition  tests”  Guidance  , wind,  altitude,  and  airspeed  weie 
constants.  Aircraft  steering  and  display  sequences  were  vane  . 

^ Wind  - 40  Trials  - Two  wind  conditions  were  evaluated.  Guid- 
ance,  display  media , altitude,  and  airspeed  were  constants 
Wind  factors  and  aircraft  steering  were  varied  Data  from  the 
CAL/HUD/no-wind  trials  (segment  1)  were  added  to  the  test  win 
condition  for  a total  evaluation  unit  of  80  trials. 

41  Altitude  - 40  Trials  - Two  altitudes  were  used.  Guidance,  dis- 
ptay  media,  wind  Tit  nd  airspeed  were  constants.  Altitude  and 
aircraft  steering  were  varied.  Data  from  the  CAL  H f 
1000-foot  trials  (segment  1)  were  added  to  the  5000-foot  data  or 
a total  evaluation  unit  of  80  trials. 

Maneuver  - 20  Trials  - A preprogrammed  maneuver  was  mtro- 
duced  after  lockon  prior  to  weapon  release.  All  trials  ^re  per- 
formed on  autopilot  with  CAL/HUD/no-wind/1000  feet/480K. 

61  Dive  - 20  Trials  - Dive  attack  runs  were  initiated  from  ^ 

5000  feet.  They  were  performed  under  manual  flight  control 
with  CAL/HUD/no-wind/ 480K  conditions. 

7)  Combinations  - 20  Trials  - Two  subjects  performed  the  complex 
variable  trials.  Guidance  and  display  were  constant.  Aircraft 
steering,  wind,  and  altitude  will  be  varied. 


3.6  RECORDED  DATA 

The  basic  data  configuration  used  in  the  initial  study  was  retained  for 
this  study.  Performance  data  was  collected  and  recorded  as  an  integral 
feature  of  the  computer  based  simulation  system.  Four  major  data  items 

were  recorded, 

1)  Weapon  Impact  Accuracy  - The  key  indicator  of  pilot  and  system 
performance  was  weapon  impact  accuracy. 

2)  Target  Tracking  - Manual  cursor  positioning  actions  were 
recorded  as  a pilot  workload  component, 

31  Aircraft  Steering  - The  number  and  magnitude  of  heading  changes 
made  by  the  s^fect  in  steering  to  the  bomb  release  point  were 
recorded  as  a second  workload  component. 

41  External  Target  Detection  - The  number  of  external  target  lights 
detected  by  the  pilot  were"  recorded  as  the  primary  indication  of 
pilot  workload. 
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3.7  DATA  ANALYSIS 

The  data  vaLues  measured  during  each  simulation  were  printed  out  at 
the  end  of  the  run.  These  data  were  also  stored  on  magnetic  tape  for  later 
data  analysis. 

The  data  were  analyzed  using  both  descriptive  and  inferential  statis- 
tics The  descriptive  statistics  included  means  and  standard  deviations. 

Plots  were  made  which  describe  the  relationships  between  the  variables 
investigated  and  the  various  performance  measures.  A major  change  in  the 
measure  of  pilot  workload  occurred  during  the  current  study.  An  initial 
evaluation  of  pilot  tracking  actions  and  heading  changes  revealed  that  there 
was  no  consistent  identifiable  difference  in  these  workload  factors  across 
the  series  of  test  conditions.  However,  there  was  a clean,  statistically 
significant  difference  in  the  detection  of  external  lights  as  a function  of  study 
variables.  Therefore,  the  light  detection  measure  is  used  as  the  sole 
criteria  of  pilot  workload  in  the  data  analysis. 

An  analysis  of  variance  was  used  to  test  the  reliability  of  the  differ- 
ences in  performance  caused  by  each  of  the  variables  for  the  different  per- 
formance  measures.  The  Newman-Keuls  sequential  range  test  was  used  to 
test  between  levels  of  variables  where  three  or  more  levels  exist  for  a 
variable.  Eta  values  were  computed  as  an  index  of  the  practical  significance 
of  the  variables  for  the  different  performance  measures.  Where  appropriate, 
correlation  analysis  was  employed  to  test  for  relationships  between  the  differ- 
ent performance  measures,  e.g.  , between  release  point  accuracy  and  pilot 
workload . 

The  recorded  and  anaLyzed  data  form  the  nucLeus  from  which  the 
results  of  the  simulation  were  developed  and  the  implications  to  tactical 
data  system  design  established. 

Head-Up  versus  Head-Down 

Weapon  delivery  accuracies  were  virtually  identical  for  head-up  and 
head-down  trials.  All  weapon  delivery  accuracies  in  this  report  are  bomb 
impact  accuracies  in  the  cross-track  direction  only.  Since  along  track 
errors  for  all  configurations  are  mechanization  errors  independent  of  con- 
figuration and  not  dependent  on  pilot  performance,  these  were  left  out  of  the 
comparisons  in  order  to  show  more  clearly  the  effect  of  different  configura- 
tions and  release  conditions.  When  using  the  HUD,  average  cross  track  miss 
distances  were  14.  63  feet  when  the  trial  was  flown  manually,  and  8.  55  feet 
when  operating  on  autopilot.  When  using  the  VSD,  the  average  cross  track 
miss  distances  were  14.  0 and  8.  7 feet  (Table  2). 

External  target  detection  performance  was  influenced  by  operating 
head-down  in  using  the  VSD.  As  shown  in  Table  3,  when  flying  manually, 

19  3 percent  of  the  lights  were  not  detected  when  using  the  HUD.  When 
using  the  VSD,  the  undetected  lights  were  30.8  percent  of  the  total.  This 
twofold  increase  was  statistically  significant  at  the  0.  05  to  0.  10  level  (i.  e.  , 
the  probability  of  these  results  occurring  by  chance  is  less  than  10  percent, 
but  greater  than  5 percent). 


TABLE  2.  HUD  VERSUS  VSD  CROSS  TRACK  MISS  DISTANCE  (FEET) 


When  operating  on  autopilot,  the  trend  was  visible  although  not  statis- 
tically significant.  When  using  the  HUD,  18.9  percent  of  the  lights  were 
undetected,  and  23.8  percent  when  Using  the  VSD.  It  may  therefore  be  con- 
cluded that,  based  on  the  data  above,  in-cockpit  workloads  are  significantly 
greater  when  using  the  VSD  and  flying  the  aircraft  manually.  This  effect  is 
minimized  when  the  aircraft  is  flown  on  autopilot. 

HUD-VSD  Transitions 

A brief  series  of  trials  were  conducted  to  demonstrate  the  feasi- 
bility of  transitioning  between  the  HUD  and  the  VSD  during  the  course  of  a 
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weapon  delivery  run.  As  shown  in  Table  4,  when  acquiring  the  target  on  the 
HUD  and  transitioning  to  their  VSD,  average  cross  track  miss  distances  of 
15.1  feet  (manual)  and  9.1  feet  (autopilot)  were  achieved.  These  results 
were  virtually  identical  to  those  achieved  when  flying  the  HUD  --  14.6  and 
8.  5 feet. 

When  initially  acquiring  the  target  on  the  VSD  and  transitioning  to  the 
HUD,  slight  improvements  to  11.3  feet  (manual)  and  7.6  feet  (autopilot)  were 
realized.  This  is  probably  a result  of  the  fact  that  earlier  target  acquisitions 
were  made  when  using  the  VSD.  The  earlier  acquisition  made  more  time 
available  for  maneuvering  to  the  release  point  and  resulted  in  improved 
positioning  at  the  weapon  release  point. 

Workloads,  as  indicated  by  the  number  of  undetected  external  targets 
(Table  5),  were  comparable  to  those  experienced  when  using  the  VSD 
throughout  the  trial. 

In  summary,  the  use  of  both  the  HUD  and  the  VSD  during  a weapon 
delivery  run  is  feasible  and  compatible  with  the  tactical  data  management 
features  providing  steering  and  flight  control. 

Wind 


It  was  anticipated  that  the  addition  of  a wind  factor  to  the  weapon 
delivery  task  would  result  in  greater  miss  distance  values  and/or  an  in- 
crease in  the  percentage  of  external  target  lights  that  went  undetected.  The 
average  miss  distance  values  (Table  6)  provided  mixed  results  in  terms  of 
weapon  delivery  performance.  When  the  trials  were  flown  manually,  average 
miss  distance  was  14.63  feet.  With  the  addition  of  the  wind  factor,  perfor- 
mance was  virtually  identical  - averaging  14.85  feet.  On  autopilot,  a signif- 
icant difference  ( >0.001)  was  recorded  with  a no-wind  average  miss  distance 
of  8.  55  feet  increasing  to  15.8  feet  with  the  addition  of  a wind  factor. 

The  lack  of  a significant  difference  in  performance  when  flying 
manually  is  subjectively  attributable  to  the  observation  that  the  subjects 
accepted  the  wind  condition  as  a challenge  and  simply  worked  harder  at  per- 
forming the  required  control  actions.  This  contention  is  supported  by  ex- 
ternal target  detection  performance  (Table  7).  When  flying  manually,  an 
average  19.3  percent  of  the  lights  went  undetected  in  the  no-wind  trials. 

When  wind  was  added,  32.8  percent  of  the  lights  were  not  detected.  This 
increase  was  statistically  significant  ( <0.025)  and  indicated  that  the  subjects 
were,  in  fact,  working  much  harder  at  the  basic  w-apon  delivery  task  and 
devoting  less  attention  to  the  external  targets. 


On  autopilot,  the  decrease  in  external  target  detection  was  again 
evident  --  18.9  percent  for  the  no-wind  case  and  24.7  percent  for  the  trials 
with  wind.  While  this  difference  was  significant  to  only  a limited  degree 
(0.  10  to  0.20),  it  was  indicative  of  greater  attention  being  directed  to  the 
weapon  delivery  task  when  a wind  factor  was  present. 

In  summary,  the  presence  of  wind  did  not  significantly  influence 
weapon  delivery  performance.  It  appears  that  additional  effort  may  be 
required  to  improve  the  steering  algorithms  in  compensating  for  wind.  Im- 
proved autopilot  performance  may  also  serve  to  reduce  the  pilot  monitoring 
task  and  thereby  reduce  workload. 
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TABLE  4.  DISPLAY  TRANSITIONS  - CROSS  TRACK  MISS  DISTANCE 

Miss  distance  (feet) 

Transition  HUD  VSD 

Manual  15.1  11.3 

Autopilot 2 : \ 

TABLE  5.  DISPLAY  TRANSITIONS  - MISSED  LIGHTS 

Missed  Lights  (percent) 

Transition  HUD  VSD 

VS° ™E 


i 


HUD 

VSD 

to 

to 

VSD 

HUD 

27.  3 

32.4 

33.1 

22.6 

Manual  27.3 

Autopilot  33.1  22J> 

TABLE  6.  WIND/NO  WIND  CROSS  TRACK  MISS  DISTANCES 
Average  Miss  Distance  (feet) . — 


Wind  factor 


Flight 

control 


Subject 


No  wind 


Manual  Autopilot 


13.4 

12.4 
16.8 
16.2 


8.  8 
10.0 
7.6 

7.  8 

8.  5 


Manual 


21 . 6 
12.0 
7.6 
18.2 


Autopilot 


14. .6 
17.4 
18.0 
13.2 


Average 


14.6 


14.  8 


15.8 


Am 


TABLE  7.  WIND/NO  WIND  MISSED  LIGHTS 


Wind  factor 


No  wind 


Flight 

control 


Subject 


Manual  Autopilot 


Average 


10.  8 
12.8 
29.6 

24.2 

19.3 


13.4 


14.6 

24.4 

23.4 
18.9 


! Wind 

Manual 

Autopilot 

28.  2 

18.4 

13.0 

12.6 

37.6 

32.2 

55.  0 

35.2 

32.8 

24.  7 

Altitude 


As  the  altitude  at  which  the  weapon  delivery  run  is  performed  is  in- 
creased, the  time  interval  between  a target  sighting  (assuming  a constant 
detection  range)  and  the  weapon  release  point  decreases.  In  theory,  t e 
pilot  having  less  time  to  maneuver  to  the  release  point  must  maneuver  more 
rapidly  and  is  more  likely  to  incur  greater  miss  distances. 

A series  of  trials  were  conducted  at  an  altitude  of  5000  feet.  Average 
miss  distance  for  these  trials  was  compared  with  performance  at  the 
1000-foot  altitude.  As  shown  in  Table  8,  when  flying  manually,  ave rage  miss 
distance  for  the  1000-foot  runs  was  18.15  feet,  and  28.25  feet  for  the  5000-foot 
runs  While  this  difference  had  only  limited  significance  statistically  (0.10), 
the  full  impact  of  the  reduced  operating  time  is  reflected  in  the  external  tar- 
get detection  data  shown  in  Table  9.  At  1000  feet,  15.5  percent  of  the  lights 
were  undetected.  At  5000  feet,  37.3  percent  of  the  lights  were  undetected. 
This  significant  difference  (<0.005)  strongly  indicates  that  the  weapon  de- 
livery task  is  more  demanding  at  a higher  altitude  such  as  5000  feet  when  the 
maneuvering  time  is  reduced. 

When  flying  on  autopilot,  results  were  relatively  uniform  at  both 
altitudes  and  considerably  superior  to  flying  manually  in  terms  of  miss  dis- 
tance. Average  miss  distances  of  8.  55  feet  (1000  feet)  and  10.3  feet 
(5000  feet)  were  far  better  than  those  achieved  when  flying  manually. 

These  data  clearly  indicate  that  when  flying  manually,  workloads,  as 
measured  by  external  target  light  detection,  increase  significantly.  A 
major  improvement  in  performance  accuracies,  when  flying  on  autopilot, 
was  indicated  by  the  miss  distance  values  which  were  achieved. 
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TABLE  8.  1000/5000  FEET  - CROSS  TRACK  MISS  DISTANCE 

Miss  Distance 


Altitude 


1000  feet 


5000  feet 


Flight 

control 


Subject 

1 

2 

3 

4 

Average 


Manual 

Autopilot 

Manual 

Autopilot 

13.4 

8.  8 

20.6 

8.0 

12.4 

10.0 

18.2 

12.0 

16..  8 

7.6 

32.6 

10.0 

30.  0 

7.  8 

41.6 

13.2 

18.  1 

8.  5 

28.  2 

10.  3 

TABLE  9.  1000/5000  FEET  - MISSED  LIGHTS 

Missed  Lights  


Altitude 


control 


1000  feet 


5000  feet 


Subject 

1 

2 

3 

4 

Average 


Manual 

Autopilot 

Manual 

Autopilot 

10.8 

13.4 

16.0 

20.4 

12.8 

14.6 

43.4 

25.4 

29.6 

24.4 

36.0 

33.6 

24.2 

23.4 

58.  2 

33.2 

19.  3 

18.9 

37.  3 

27.7 

Control/ Altitude  / Wind  Combinations 

A brief  series  of  trials  were  conducted  to  obtain  initial  data  on  the 
impact  of  a combination  of  variables  on  performance.  These  trials  were 
flown  at  5000  feet  with  a wind  component  using  manual  and  autopilot  flight 
control.  The  results  were  virtually  identical.  Average  miss  distance  for 
ten  trials  was  34.  7 feet  when  flying  manually,  and  33.2  feet  when  flying  on 
autopilot. 


The  more  difficult  conditions  were  also  reflected  in  the  precentages 
of  undetected  lights  --  42.9  percent  when  flying  manually,  and  30.5  percent 
when  operating  on  autopilot. 

The  limited  number  of  trials  preclude  any  major  conclusions.  How- 
ever, it  appears  that  the  more  complex  operating  conditions  will  exert  a 
definite  impact  on  both  weapon  delivery  performance  and  workload.  Further 
refinement  of  the  current  control  techniques  and  more  extensive  evaluation 
will  be  required  to  fully  assess  the  extent  of  the  impact  of  multiple  variables. 

Dive 

The  dive  series  was  initiated  at  5000  feet.  A 10-degree  dive  was 
entered  following  target  acquisition  and  maintained  to  the  weapon  release 
point.  Steering  was  performed  manually.  Weapon  release  accuracy  and 
external  target  detection  performance  was  comparable  to  that  achieved  in 
level  weapon  delivery  runs.  As  shown  in  Table  10,  average  miss  distance 
for  the  dive  trials  was  10.65  feet  which  was  slightly  better  than  the  14.63  feet 
achieved  in  level  runs.  The  undetected  external  target  percentage  of 
34.8  percent  for  the  dive  trials  is  approximately  twice  that  of  the  IV.  -3  per- 
cent experienced  when  flying  level. 

It  therefore  appears  that  the  steering  provided  by  the  data  manage- 
ment features  will  readily  accommodate  dive  profiles  with  virtually  no 
penalty  in  terms  of  weapon  delivery  performance.  However,  manual  flight 
control  during  a dive  maneuver  will  impose  greater  workloads  throughout 
the  run. 

Maneuvering 

The  feasibility  of  preprogrammed  autopilot  maneuvering  after  lockon 
to  the  weapon  release  point  was  evaluated  in  a final  series  of  trials.  A pre- 
programmed series  of  maneuvers,  consisting  of  a series  of  sinusoids  of  a 
3. 2 -second  period  and  maximum  lateral  displacement  of  approximately 
100  feet  on  either  side  of  the  nonmaneuvering  path,  were  introduced  into  the 
autopilot  steering  following  lockon.  The  turns  continued  through  the  approach 
period  until  approximately  5 seconds  from  weapon  release.  At  this  point, 
the  aircraft  leveled  out  and  remained  level  until  release.  The  results  are 
summarized  in  Table  11.  The  average  miss  distance  of  5.45  feet  was  a 
slight  improvement  of  the  nonmaneuvering  value  of  8.  55  feet..  Therefore,  it 
appears  that  automatic  maneuvering  can  be  considered  as  a viable  concept 
which  may  be  developed  more  fully  as  a feature  of  future  tactical  data 
management  system  configurations. 

The  average  percentage  of  undetected  external  targets  is  also  com- 
parable  --  23.5  percent  compared  to  18.9  percent  for  nonmaneuvering  trials. 
There  appears  to  be  no  problem  in  terms  of  workload. 

Figure  1 plots  each  pilot's  percentage  of  lights  missed  (a  measure  of 
pilot  workload)  against  his  aircraft  steering  performance.  All  the  data 
were  taken  during  a CAL  weapon  delivery  mode.  The  cross  track  error,  as 
a result  of  mechanization,  was  removed  to  show  just  the  pilot's  contribution 
to  cross  track  miss.  Tne  data  shows  that  whatever  the  external  condition, 
each  pilot  divided  his  attention  between  the  lights  and  the  weapon  delivery 


TABLE  10.  LEVEL  VERSUS  DIVE  PROFILE  PERFORMANCE 


TABLE  11.  MANEUVERING  TRIALS 


task  differently.  It  is  apparent  that  pilot  4 worked  considerably  harder  or 
was  considerably  more  capable  than  pilot  1. 

A more  universally  useful  data  set  could  be  obtained  if  the  pilot  sub- 
jects were  instructed  to  vary  their  attention  to  the  lights  and  weapon  delivery 
task,  but  to  keep  their  total  effort  constant  and  to  be  fully  occupied. 

It  is  expected  that  a larger  number  of  data  points  (more  runs)  would 
reveal- a more  well-defined  relationship  between  workload  and  steering  per- 
formance  This  presentation  of  the  data  points  out  the  desirability  of  extend- 
ing the  experiments  to  achieve  a better  workload /performance  relationship. 

It  is  only  through  high  confidence  relationships,  such  as  these,  can  human 
factors  studies  have  a real  impact  on  hardware  design  decisions. 
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SECTION  IV 

SIMULATION  SYSTEM  TEST  INSTALLATION 

The  implementation  of  the  simulation  in  support  of  this  program 
represented  an  interesting  technical  challenge.  The  scope  of  the  simulation 
was  increased  over  prior  programs  in  this  area  in  three  ways:  1)  a head- 

down,  electro-optical  sensor  simulation  was  added  to  the  simulation,  2)  A-7 
aircraft  aerodynamics  and  flight  controls  were  mechanized,  and  3)  tactical 
weapon  delivery  software  was  mechanized  in  detail  and  integrated  with  a 
modified  autopilot  to  permit  realistic  simulation  of  the  mission  scenario 
over  an  increased  flight  regime  and  with  realistic  noise  inputs.  The  challenge 
was  not  in  the  implementation  of  any  one  of  the  above-named  augmentations 
to  the  previous  simulation.  The  challenge,  rather,  was  in  the  integration  of 
a simulation  that  app-o?ched  a hot  bench  facility  in  its  level  of  detail  and 
fidelity.  For  example,  three  computers  (a  Xerox  9300,  Xerox  Sigma  5,  and 
an  Applied  Dynamics  AD-4)  were  required  for  the  complete  mechanization. 
Problems  which  arose  and  were  solved  during  integration  were  related  to 
information  transfer  (accuracy,  granularity,  and  timing)  among  the  three 
computers  just  as  they  might  occur  in  the  integration  of  an  air  data  computer 
and  a tactical  computer  in  a hot  bench  or  an  aircraft. 

This  section  contains  descriptions  of  the  physical  components  of  the 
simulation,  the  software,  and  the  integration  task. 


4.1  MECHANIZATION 

The  simulation  configuration  for  the  Tactical  Data  System  consists  of 
several  functional  entities:  A-7  aircraft  aerodynamics  ana  kinematics, 
switching  and  mode  logic  for  all  phases  of  the  air-to-ground  weapon  delivery 
mission,  weapon  delivery  computations,  and  the  physical  cockpit /experimental 
area.  Figure  2 illustrates  the  relationship  of  these  entities.  The  following 
paragraphs  describe  the  simulation  software  models  and  the  physical 
mechanization  . 

Software  Models 

Aerodynamic  s 

The  aerodynamic  and  control  system  simulation  models  represent 
A-7  aircraft  aerodynamic  and  control  system  characteristics.  The  simulation 
consists  of  a linearized  six-degree -of-freedom  model  in  which  the  aero- 
dynamic coefficients  are  assumed  constant  over  the  relatively  limited  flight 
regime  required  for  the  studies.  Pitch  and  roll  commands  are  derived  from 
the  flight  stick.  Since  the  simulator  rudder  pedals  are  not  active,  yaw  con- 
trol is  programmed  to  provide  coordinated  turns.  Figure  3 shows  the  lateral 
aerodynamics  and  control  system  mechanization.  Figure  4 shows  the  longitu- 
dinal aerodynamics  and  control  system  mechanization.  Figure  5 contains 
definitions  of  the  terms  used  in  Figures  3 and  4. 
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-7  Lateral  Control  System  and  Aerodynamics 


Longitudinal  Control  System  and  Aerodynamics 


V - aircraft  velocity  vector 

u - aircraft  angular  velocity  vector  of  the  body-fixed  x,  V.  z 

COORDINATE  SYSTEM 
u-Vx  “ COMPONENT  OF  V ALONG  x AXIS 
v = V y ■ COMPONENT  OF  V ALONG  y AXIS 
w«Vz  » COMPONENT  OF  V ALONG  z AXIS 

p ■=  wx  » COMPONENT  OF  w ALONG  x AXIS  (ANGULAR  RATE  ABOUT  x AXIS) 
q =o,y  COMPONENT  OF  w ALONG  y AXIS  (ANGULAR  RATE  ABOUT  y AXIS) 
r . u . COMPONENT  OF  ui  ALONG  z AXIS  (ANGULAR  RATE  ABOUT  z AXIS) 


a = ANGLE  OF  ATTACK 
0 = ANGLE  OF  SIDESLIP 
S,  - AILERON  DEFLECTION  ANGLE 
8r  - RUDDER  DEFLECTION  ANGLE 
8e  = ELEVATOR  DEFLECTION  ANGLE 
q = DYNAMIC  PRESSURE  (1/2  f V2) 

+ = YAW  EULER  ANGLE 
6 « PITCH  EULER  ANGLE 
* - ROLL  EULER  ANGLE 


Figure  5.  A- 7 Symbol  Definition 


Kinematics 


Aircraft  position  rates  in  inertial  coordinates  are  integrated  to  derive 
aircraft  position  and  target  position  relative  to  the  aircraft  as  a function  of 
time.  Rectangular  integration  with  a 50  ms  step  size  is  used.  Target  range, 
range  rate,  azimuth  and  elevation  angles,  and  angle  rates  are  used  by  the 
weapon  delivery  equations  and  by  the  displays  program  to  position  and  orient 
the  target  on  the  HUD.  This  information  is  also  used  to  drive  the  television 
sensor  simulation. 


Using  the  definitions  given  in  Figure  5,  angular  rates  ($,  6 ) and  . 

translational  rates  (x,  y,  z)  were  computed  as  shown  in  the  following  matrix 
equations : 


$> 

0 


¥ 


sin$tan0 

cos$ 

sin$ 


cosS’tanQ 
- sin$> 
cos$ 


COS0 


COS0 


p 
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L—  -J 
siri3'sin$+ 

- sin^cos^ 

cos^sin0cos<P 

sin^cos© 

cos^cos$ 

sin^sinOcos^ 

4*  sin^sinBsin^ 

- cos^sin^ 

- sin0 

sin$cos0 

COS0COS$ 

u 


w 


(2) 


Switching  and  Mode  Logic 


Mode  control  was  provided  to  permit  selection  of  a number  of  different 
operating  modes  of  the  simulation: 


1) 

2) 

3) 

4) 

5) 

6) 
7) 


Head-up  display  or  sensor  display 
Autopilot  or  manual  steering 
Wind  or  no  wind 
High  altitude  or  low  altitude 
Sensor  track  or  manual  pointing 
Target  acquisition  command 
Run  /freeze  / restart 
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To  provide  an  accurate,  integral  simulation,  care  was  taken  to  ensure 
consistency  of  target/sensor  positioning  through  HUD/VSD  and  VSD/HUD 
transitions  as  well  as  in  the  HUD  and  VSD  modes.  The  coordinate  transfor- 
mations from  earth  to  body  coordinates  and  their  inverse  are  given  below: 


Assume  $ and  6 as  defined  in  Figure  5 and  the  following  definitions: 


e - azimuth,  elevation  of  sensor  line  of  sight  in  body 
J coordinates 


a , € - azimuth,  elevation  of  sensor  line  of  sight  in  earth 

coordinates  (heading  stabilized) 


for  the  transformation  from  earth  to  body  coordinates,  and 


cos0  sin0sin4>  sin0cos$l  |1 


cos$ 


- sin$ 


-sin0  sin$cos0  cos$cos0  tane 


ot  = tan 


i u 

-i  _j_ 

u 

X 


€ = tan 


i u 

- 1 z 


for  the  transformation  from  body  to  earth  coordinates. 

Weapon  Delivery 

The  weapon  delivery  model  is  predicated  on  the  delivery  of  free-fall 
weapons  against  tactical  targets  on  the  ground.  The  components  of  the 
simulated  weapon  delivery  system  include  a television  sensor  mounted  on 
a stabilized  platform,  an  air  data  computer  (ADC),  an  aircraft  attitude 
reference  set  (ARS) , a head-up  display  (HUD),  a sensor  display,  a set  of 
weapon  delivery  controls,  standard  flight  controls  and  instruments,  and  a 
central  computer  processor.  In  the  program,  sensor  measurement  noise 
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is  simulated.  The  weapon  delivery  software  includes  a complete  measure- 
ment data  filter  (Kalman  Filter)  to  combine  noisy  sensor  measurements 

predict unknown  velocities  and  wind  speeds.  The  functionoftheweapon 
delivery  system  consists  of  aiding  in  acquiring  and  tracking  the  target  in 
an  autotrack  mode.  The  ultimate  objective  is  to  direct  the  aircraft  (through 
an  autopilot)  or  aid  a pilot  in  steering  the  aircraft  to  a weapon  release  p i 
and  trigger  or  enable  weapon  release* 

The  functions  of  the  weapon  delivery  equations  are  shown  in  Figure  6 
within  the  dotted  lines.  It  can  be  seen  that  simulated  noisy  aircraft  and  sen- 
sor inputs  are  filtered  and  then  processed  by  the  angle  rate  b°™b*n&  ^ " th 

tions.  These  equations  compute  the  bomb  release  time  as  ^ll"s  an  “™u 
steering  signal.  Steering  can  be  either  automatic  or  manual.  The  optim 
steering  computation  is  used  in  the  automatic  steering  mode  and  is  discussed 
and  derived  in  Appendix  IV, 

The  changes  that  were  made  for  the  present  simulation  were  in  three 
areas:  sensor  error  generation,  Kalman  filtering,  and  ballistics. 


Figure  6.  Diagram  of  Weapon  Delivery  Functions 
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Sensor  Error  Generation.  Each  simulated  sensor  measurement  jwas 
t assumed  to  have  some  random  measurement  error  associated  with  it.  For 

this  study,  all  of  the  sensor  errors  were  assumed  to  be  either  a bias  or  a 
wide  bandwidth  "white"  noise.  The  various  sensor  measurements  and  their 
associated  1 cr  error  values  are  shown  in  Table  12. 

In  the  weapon  delivery  subroutine,  NARBS,  the  bias  and  noise  error 
values  for  each  sensor  measurement  are  generated  by  drawing  samples 
from  a gaussian  random  number  generator  and  scaling  these  samples  by 
the  la  values  listed  in  Table  12.  The  bias  error  values  are  computed  only 
once  at  the  beginning  of  a weapon  delivery  run  arid  held  constant  for  the 
duration  of  the  run.  The  noise  error  values  are  computed  once  per  compu- 
tation cycle  (50  ms)  that  is,  every  time  a new  measurement  is  made.  Both 
error  values  are  added  to  the  "true"  values  of  the  measurements  to  produce 
"noisy"  measurements  to  be  processed  further  by  the  weapon  delivery 
equations  . 

Kalman  Filtering.  In  order  to  accurately  deliver  bombs  in  the 
presence  of  noisy  sensor  measurements,  some  sort  of  filtering  is  necessary. 
In  the  previous  study,  (Reference  1)  filtering  was  omitted  and  "true"  noise- 
free  sensor  measurements  were  used  to  compute  the  quantities  required 
for  an  angle-rate  bombing  solution.  In  the  present  study,  since  simulated 
measurement  errors  are  present,  two  Kalman  filters,  for  the  azimuth 
and  elevation  channels,  were  designed  and  programmed  into  th^  NARBS 
subroutine  . 


TABLE  12.  ESTIMATED  la  ERROR  VALUES 


Sensor 

Quantity 

Bias 

White  Noise  j 

Altitude  and  Heading 

Pitch 

1 degree 

0.7  mr 

Reference 

Roll 

1 degree 

0.7  mr 

Air  Data  System 

Barometric  altitude 

1 67  feet 

8 feet 

Air  speed 

8 .4  fps 

Angle  of  attack 

1 degree 

0 . 7 mr 

Electro-  optical 

Aircraft  normal 

0.3  fps^ 

Tracker 

acceleration 

Gimbal  angle 

1 mr 

0 .47  mr 

Gimbal  angle  rate 

-- 

1 . 5 mr  /sec 

Gated  Video  Tracker 

-- 

0.3  mr 
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The  elevation  filter  is  a six- state  extended  Kalman  filter  . I*  com- 
mutes four  filter  measurements  from  the  available  noisy  sensor  inputs, 
processes  them  in  predictor-corrector  fashion,  and  outputs  optimal  esti- 
mates of  the  six  states.  The  azimuth  filter  is  of  the  same  form,  but  has 
“y  two  states  and  two  measurements.  The  (orm  of  the  filters  .3  shown 

in  Appendix  I . 

The  states  used  by  both  filters  are  listed  in  Table  13,  and  are  defined 
in  Figures  7 and  8. 

Ballistics.  In  the  simulation  of  Reference  1 vacuum  bomb  range  and 
trail,  (the  distance  that  the  bomb  is  retarded  because  of  drag),  was  found 
by  fitting  a polynomial  function  of  airspeed,  altitude,  an  ive  n8  e 
balli  Stic*  tables^ for  seven  representative  cases,  preset  study  used  a 

new  method  requiring  the  storage  of  only  two  constan  *•  U1 

method  is  the  use  of  small  perturbations  from  vacuum  ballistics.  It  will 
work  for  low-drag  bombs  at  any  attitude  (dive,  level,  or  climb)  and  with 
varying  accuracy  at  any  altitude  and  speed.  While  its  accuracy  might 
be  adequate^  for  dropping  actual  bombs,  it  is  quite  adequate  for  a realistic 
sfmulaUon  of  weaponVlivery . The  method  is  discussed  in  Appendix  II. 


TABLE  13.  NARBS  FILTER  STATES 


Channel 

State 

Description 

Elevation 

U> 

es 

Stabilized  line  of  sight  elevation  angular  rate 

(T 

Angle  from  horizontal  to  line  of  sight 

V 

r 

Magnitude  of  aircraft  velocity  vector 
relative  to  target 

VWX 

Horizontal  in  plane  wind/target  velocity 

Vr 

Angle  from  horizontal  to 

€ 

Elevation  angle  from  sensor  boresight  to 
line  of  sight 

Azimuth 

% 

Stabilized  azimuth  angle  to  line  of  sight 

“ds 

Stabilized  line  of  sight  azimuth  angular 
rate 

I 


\ K 
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LINE  Of  SIGHT 


SENSOR 


SORESIGHT 


TARGET 


Figure  7.  Elevation  Plane  Geometry 


TARGET 


Figure  8.  Azimuth  Plane  Geometry 


Autopilot 


The  aerodynamic  simulation  described  earlier  in  this  section 
represents  a conventional  airframe  (the  A-7)  with  both  short  period  and 
phugoid  representations.  Thus,  although  the  autopilot  is  ultimately  used  to 
control  the  flight  path  of  the  aircraft,  an  inner  loop  is  required  to  dampen 
the  short  period  mode  of  the  aerodynamics. 

The  autopilot  is  functionally  divided  into  longitudinal  control  and 
lateral-directional  control.  The  altitude  hold  channel  shown  in  Figure  9 was 
used  to  maintain  aircraft  altitude  using  the  pitch  attitude  inner  control  loop. 
The  altitude  error  is  used  to  derive  a pitch  angle  command.  The  inner  loop 
generates  elevator  deflection  commands  as  a function  of  the  difference  between 
commanded  pitch  angle  and  the  present  pitch  attitude.  The  major  difference 
between  this  model  and  the  one  used  in  the  previous  study  is  that  the  refer- 
ence altitude  is  now  defined  as  that  existing  when  the  autopilot  is  engaged. 
Previously,  the  reference  value  was  a predefined  initial  condition. 

The  lateral  channel  (see  Figure  10)  operates  on  the  same  basic 
principle  although  several  important  refinements  should  be  noted:  In  con- 
trast  with  the  autopilot  used  in  the  last  study,  which  steered  out  line-of-sight 
errors  to  the  target,  the  present  autopilot  operates  on  a steering  signal 
generated  by  the  weapon  delivery  function.  Thus,  the  effects  of  wind  can 
be  included  in  the  simulation  and  successful  weapon  deliveries  can  be  achieved 
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with  wind  included  in  the  simulation.  Autopilot  gains  were  increased  to 
improve  system  response  to  steering  signal  inputs.  To  compensate  for 
oscillations  of  the  airframe  that  were  introduced  as  a result  of  the  increased 
gains,  lead-lag  equalization  was  implemented  by  adding  steering  error  rate 
and  a smoothing  first-order  lag  in  the  lateral-directional  autopilot.  This 
had  the  effect  of  adding  anticipation  to  the  system  to  prevent  overshoots.  A 
roll  command  limit  was  also  added  to  prevent  excessive  roll  angles  as  a 
result  of  large  steering  errors  or  error  rates.  Finally,  a rudder  command 
was  generated  to  provide  a crab  angle  for  steering  out  steady- state  errors 
caused  by  wind . 

In  summary,  the  autopilot  incorporated  into  the  present  simulation 
represents  a realistic  autopilot.  It  operated  smoothly  under  a wide  variety 
of  operating  conditions,  including  noise,  wind,  and  varying  altitudes.  It 
proved  free  of  instabilities  and  provided  accurate  delivery  of  the  weapons 
to  the  targets.  It  was,  therefore,  consistent  with  one  of  the  initial  objectives 
of  the  program:  to  evaluate  tactical  data  system  concepts  within  a simulation 
representative  of  the  tactical  environment. 

An  important  flight  command  function  associated  with  weapon  delivery 
is  the  autopilot  function.  The  function  of  the  autopilot  is  to  use  weapon 
delivery  information  to  determine  suitable  aircraft  orientation  commands. 

A weapon  delivery  objective  which  an  autopilot  might  satisfy  is  steering  for 
the  purpose  of  bomb  delivery.  Such  an  autopilot  differs  from  a conventional 
autopilot  in  that  it  serves  an  immediate  tactical  purpose.  Its  objective  is 
not  simply  to  maintain  level  flight,  but  to  assist  in  weapon  delivery.  A 
generic  block  diagram  is  shown  in  Figure  11  . 
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Figure  11.  Tactical  Autopilot  Control  System  Block  Diagram 
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One  task  of  this  study  has  been  to  develop  an  optimal  autopilot  control 
law  to  assist  in  bombing  delivery.  The  developments  are  discussed  in 
Appendix  IV.  Major  steps  included: 

1)  Definition  of  aerodynamic  differential  equations 

Z)  Definition  of  inner  loop  control  laws  and  states 

3)  Determination  of  the  bombing  delivery  objective  function 

4)  Synthesis 

5)  Discretization  procedure 

6)  Definition  of  the  optimal  control  problem 

7)  Solution  of  the  matrix  Riccati  equation 

8)  Recommended  control  law 

Equation  (35)  in  Appendix  IV  is  the  fundamental  state  equation,  where  the 
aerodynamic  terms  are  given  in  Appendix  V. 

A digital  computer  program  is  developed  (Appendix  IV)  to  discretize 
Equation  3 5 and  to  compute  the  control  gains.  Aileron  and  elevator  deflec- 
tion  control  commands  are  computed  in  terms  of  these  gains  and  the  I s a e 
The  recommended  autopilot  control  law  is  contained  in  Equations  45  through  49. 

System  Executive 

The  use  of  two  medium-  to  large-scale  digital  computers  in  the  simu- 
lation dictated  careful  design  of  an  executive  program  structure.  The  execu- 
tive functions  included  master  timing,  analog  computer  mode  control  ( or 
initial  conditions,  run,  and  hold),  and  execution  of  different  functional  soft- 
ware blocks  in  proper  sequence.  Figure  12  illustrates  the  general  structure. 

The  Xerox  9300  computer  was  made  the  master  computer  and,  as  such, 
it  controlled  all  timing  and  data  transfers.  All  digital  processes  were  inter- 
rupt scheduled.  Three  primary  interrupts  were  used:  two  in  the  9300,  and 
one  in  the  Sigma  5.  All  processes  for  one  iteration  of  the  simulation  are 
initiated  by  the  20  Hz  (50  ms)  clock  interrupt  to  the  9300.  On  receipt  of  that 
interrupt,  the  9300  begins  processing  by  reading  the  status  of  all  external 
(to  the  computer)  switches  and  signals  and  by  transmitting  all  data  required 
for  the  weapon  delivery  computatio  is  to  the  Sigma  5.  Processing  in  t e 
9300  then  continues  by  performing'any  switching  and  logic  control  functions , 
updating  the  geometry  and  dynamics,  and  then  entering  a wait  state  unti 
data  from  the  weapon  delivery  computations  are  ready. 

When  transmission  of  some  50  data  words  to  the  Sigma  5 has  been 
completed  (this  process  takes  approximately  250  to  300  ps),  an  interrupt  is 
generated  by  the  data  channel  to  the  Sigma  5 processor.  The  data  received 
from  the  9300  includes  aircraft  attitude  and  rates.  These  data  are  used  in 
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Figure  12.  Executive  Control  of  Digital  Computer 
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the  computation  of  basic  weapon  delivery  parameters  such  as  time-to-go 
and  steering  error.  These  data  are  transmitted  back  to  the  9300  and  the 
Sigma  5 returns  to  its  "wait"  state  to  await  the  next  interrupt  from  the  9300. 

On  receipt  of  the  data  from  the  Sigma  5,  the  9300  resumes  process- 
ing and  completes  its  processing  for  the  time  interval  by  generating  and 
outputting  a new  display  list  to  the  symbol  generator. 


4.2  PHYSICAL  DESCRIPTION 

The  simulation  was  mechanized  physically  using  the  hardware 
components  shown  in  Figure  13.  These  physical  components  consist  of  the 
digital  and  analog  computers,  the  cockpit  mockup,  the  electro-optical  sen- 
sor simulator,  and  stroke  and  in-raster  symbol  generators. 


Figure  13.  Hardware  Configuration 
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Cockpit  Mockup 

The  cockpit  mockup  used  in  the  performance  of  the  simulation  studies 
is  configured  to  represent  a modern  lightweight  tactical  fighter  and  is  shown 
in  Figures  14  and  15.  Controls  available  to  the  pilot  include  a flight  stick, 
a force  controller  for  target  designation,  display  mode  switch,  target 
acquisition  command  switch,  visual  side  task  switch,  and  mode  control 
switches  . All  of  the  information  required  by  the  pilot  is  presented  on  a 
head-up  display  (HUD)  or  a head-down  sensor  display.  This  includes  flight 
attitude,  heading,  atltitude,  and  weapon  delivery  cues. 

Flight  Stick 

The  flight  stick  is  a spring-loaded,  viscous  damped,  two-axis 
controller.  It  is  used  to  control  the  pitch  and  roll  attitude  of  the  aircraft. 
These  represent  total  control  of  the  aircraft,  since  the  rudder  pedals  in 
this  simulation  are  inactive. 

Several  discrete  switches  are  located  on  the  flight  stick.  Two  used 
in  these  studies  are  the  display  mode  switch  and  the  trigger.  The  trigger 
is  used  in  performing  the  visual  side  task.  The  display  mode  switch  is  used 
to  command  the  dual  mode  display  into  the  HUD  or  sensor  display  (VSD) 
mode . 

Force  Controller 

A small,  two-axis  force  controller  is  located  on  the  throttle  at  the 
pilot's  left.  It  functions  as  a rate  control  in  slewing  the  sensor  for  target 
designation  or  during  manual  tracking.  Slew  rates  are  proportional  to  the 
forces  applied  in  either  axis.  Target  designation  is  accomplished  by 
axially  depressing  and  releasing  the  controller.  The  activation  of  this 
switch  commands  the  simulated  sensor  to  attempt  target  acquisition.  Acti- 
vation of  this  switch  after  lockon  has  been  achieved  will  cause  a breaklock. 

Discrete  Switches 

In  addition  to  the  switches  on  the  flight  stick  and  throttle  already 
described,  several  others  are  available  to  the  pilot  and  the  experimenter. 
These  switches  control  the  mode  of  operation  (automatic  or  manual  track, 
automatic  or  manual  flight  control),  problem  restart,  and  altitude  selection. 

Visual  Side  Task 

The  visual  side  task  uses  a screen  which  encompasses  the  forward 
180-degree  field  of  view  of  the  pilot.  Independently  selectable  lights  are 
mounted  in  the  screen  at  approximately  30-degree  intervals  horizontally 
and  at  three  elevations  (high,  middle,  low).  Each  light  is  repeated  in  a 
control  box  for  the  instructor  so  that  he  can  monitor  pilot  response  to  the 
external  stimuli.  Thus,  each  time  a light  is  illuminated  on  the  screen, 
the  corresponding  lamp  will  be  lit  on  the  control  box.  Each  lamp  is  extin- 
guished by  the  pilot  depressing  the  trigger  on  the  flight  stick  or  by  the 
computer  after  a period  of  time  has  elapsed. 
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Displays 

Two  display  modes  are  provided  in  the  simulation:  HUD,  and  sensor 
display  (VSD) . These  displays  comprise  a unique  combined  head-up/head-down 
display  concept  intended  primarily  to  conserve  weight,  space,  and  power  in 
lightweight  fighter  aircraft.  When  operating  in  a head -down  mode,  the  pilot 
views  the  image  on  the  display  face  directly.  A shutter  is  closed  to  prevent 
high  ambient  light  from  entering  the  display  from  the  HUD  and  washing  it  out. 
When  switched  to  tne  HUD  mode,  the  shutter  is  opened,  permitting  symbol- 
ogy generated  on  the  cathode-ray  tube  (CRT)  to  be  collimated  and  projected 
on  to  the  HUD  combining  glass. 

In  the  HUD  mode,  calligraphic  symbology  is  drawn  on  the  face  of  the 
CRT  for  collimation  and  projection  onto  the  HUD  combining  glass . Calli- 
graghic  symbol  generation  is  used  to  provide  symbology  of  sufficient 
brightness  to  be  easily  viewed  in  high  ambient  light.  In-r aster  symbology 
is  mixed  with  the  sensor  imagery  generated  by  the  television  sensor  Simula- 
tor  and  displayed  on  the  VSD. 

Sensor  Simulation 

Simulated  sensor  video  is  provided  with  a television  scanner  (TVS) 
which  scans  rear- illuminated  photographic  film  imagery  (Figure  16K  Imagery 
used  during  this  program  simulated  video  from  an  electro- optical  (TV)s 
With  suitable  sensor  film  imagery,  other  sensors  such  as  IR  can  also  be 
simulated . 

Closure  on  the  target  is  provided  with  a computer -controlled , servo 
driven  20:1  zoom  lens  on  the  TVS.  The  film  imagery  which  is  scanned  by 
the  TVS  is  mounted  in  a servo-driven  platform  with  three  degrees  of  free  om' 
Y-  and  X-  translation,  and  roll.  The  simulated  sensor  is  space -stabilized  and 
its  boresight  angle  is  controlled  by  the  force  controller  in  search  mode  and  by 
the  tracking  system  in  track  mode.  Thus,  the  sensor  imagery  moves  to 
reflect  sensor  pointing  and  spatial  motion.  The  location  of  a target  within 
the  sensor  image  is  correlated  with  its  apparent  position  in  the  HUD,  and 
vice-versa . 

Symbology 

Although  the  symbology  presented  in  the  simulation  will  be  generated 
by  two  different  means,  symbology  on  the  HUD  and  the  sensor  display  is  as 
nearly  identical  as  possible.  The  following  symbols  are  used: 

1)  Tracking  Reticle  (HUD  Only)  - The  tracking  reticle  indicates 
the  “sensor  line  of  sight  on  the  HUD.  This  corresponds  to  the 
center  of  the  sensor  display  presentation. 

2)  Reference  Symbol  (Sensor  Display  Only)  - This  symbol  marks 
the  center  of  the  sensor  display  and  provides  a reference  for 
the  artificial  horizon . 
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Flight  Path  Marker  (HUD  Only)  - The  flight  path  marker  repre- 
sents the  direction  of  the  velocity  vector  of  the  aircraft. 

4)  Artificial  Horizon  - This  symbol  provides  an  attitude  reference 
for  the  pilot* 

5)  Steering  Reticle  - This  symbol  provides  a steering  signal  to 
the  pilot  to  weapon  release.  In  one  weapon  delivery  mo  e 
(CCIP)  this  symbol  represents  the  predicted  impact  point  ot 
the  weapon  if  it  were  released  at  the  present  instant.  In  t e 
CAL  mode,  the  steering  reticle  indicates  the  magnitude  and 
direction  of  the  azimuth  steering  error. 

Time-to-Go  Symbol  - The  length  of  the  vertical  bar  of  this 
symbol  Is  an  ana  Eg  indication  of  the  time  remaining  before 
weapon  release. 

7)  Visual  Target  Symbol  (HUD  Only)  - This  symbol  represents 

tbe  spatial  position  of  real  target  within  the  HUD  field  of  view . 


Figures  17  and  18  show  typical  HUD  and  sensor  display  symbology 
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Figure  17.  HUD  Symbology 


Figure  18.  Sensor  Display  Symbology 
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4.3  INTEGRATION 

Final  integration  of  the  simulation  consisted  of  three  separate,  but 
not  always  obviously  distinct,  tasks:  checkout  of  individual  components  of 
the  simulation,  making  these  components  run  together  in  real  time,  and 
verification  of  the  accuracy  of  the  simulation. 

Initially,  the  programming  effort  was  separated  into  two  major  tasks: 
weapon  delivery  computation  development,  and  aircraft/displays /sensor 
simulation  development.  The  weapon  delivery  software  was  developed  as  a 
subroutine  which  accepted  aircraft  data  as  inputs  and  generated  weapon 
delivery  data  as  outputs.  Required  input  and  output  parameters  were  identi- 
fied for  transmission  from/to  the  9300  and  scaling  was  defined.  For  early 
checkout,  a data  tape  was  generated  by  the  9300.  This  tape  contained  a 
time  sequence  of  data  required  by  the  weapon  delivery  computations  exactly 
as  they  would  be  received  over  the  9300/Sigma  5 high-speed  interface. 
Through  the  use  of  this  tape,  the  weapon  delivery  computations  could  be 
checked  out  in  a batch  mode  of  operation  almost  as  if  the  system  was  on 
line  and  operating  in  real  time.  Thus,  preliminary  checkout  was  accom- 
plished with  a minimum  expenditure  of  time  and  money.  Preliminary 
checkout  of  the  new  modes  of  the  real-time  simulation  (A-7  aerodynamics 
and  electro-optical  sensor)  was  done  using  the  weapon  delivery  equations 
which  were  programmed  for  the  previous  study.  These  equations  provided 
functionally  similar,  but  not  mathematically  accurate,  data  which  were  used 
to  exercise  all  modes  of  the  simulation  prior  to  integration  with  the  complete 
weapon  delivery  equations. 


Integration  of  the  simulation  components  (aircraft,  displays,  weapon 
delivery  equations)  into  a system  that  would  operate  in  real  time  required 
the  solution  of  the  two  key  problems:  real-time  operation  and  data  transfer 
between  the  two  computers.  The  weapon  delivery  equations  as  they  were 
originally  written  in  Fortran  took  considerably  longer  than  the  20  ms  avail- 
able. Execution  time  for  that  subroutine  was  drastically  reduced  by  explicitly 
programming  some  matrix  operations  originally  performed  by  generalized 
matrix  subroutines  and  by  writing  special  symbolic  language  and  Fortran 
subroutines  to  execute  faster  than  their  standard  Fortran  library  counterparts. 
Table  lookup  procedures  were  used  whenever  possible.  These  techniques 
resulted  in  a weapon  delivery  subroutine  that  now  operates  in  the  real-time 
environment. 

A few  minor  problems  during  integration  were  traced  to  variables  in 
the  9300 /Sigma  5 interface  that  were  eithei  incorrectly  defined  or  improp- 
erly scaled . 

Verification  of  the  simulation  was  a process  that  required  mathematical 
analysis  and  programming  talent.  Since  the  weapon  delivery  equations  were 
of  a predictor-corrector  nature,  very  small  magnitude  errors  (in  some  cases, 
in  the  least  significant  bit)  in  data  at  the  interface  would  occasionally  cause 
divergence  in  the  equations'  solutions.  Thus,  the  verification  process  con- 
sisted of  making  a series  of  piloted  trial  runs  during  which  all  critical  data 
was  output  for  examination.  These  data  were  examined  frame-by-frame 
and  compared  with  expected  theoretical  results.  Where  deviations  were 
noted,  the  cause  was  located  and  corrected.  Ultimately,  results  were 
obtained  which  were  consistent  with  predicted  results. 
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SECTION  V 

SIMULATION  FACILITY  RECOMMENDATIONS 


The  recommendations  for  this  study  are  concentrated  in  the  area . ot 

implementation  - that  is  recommendations  on  Proc®d"r®l^edS  to  ^In  shorten 
tion  and  checkout.  They  are  general  in  nature,  and  if  adhered  to,  can  snorten 

integration  time  significantly.  The  facility  recommendations  from  the  previou 
study  (Reference  1)  are  still  applicable  for  the  present  expanded  simulation. 

The  experience  gained  in  the  development  and  integration  ^ the  current 
simulation  reinforces  recommendations  made  in  the  previous  final  repo  . 
heavy  use  of  structured  programming  techniques  is  strongly  sugges  e . 
Specifically, 

1)  Maintain  the  top-down  program  structure  by  defining,  implement- 
ing, and  checking  out  the  skeleton  executive  first; 

2)  Predefine  subprogram  modules  and  arguments  by  function  and 
then  implement  each  module  separately;  and 

3)  Force  early  definintion  (by  meaning,  scale,  and  granularity) 
of  all  global  variables. 

Observance  of  these  guidelines  will  greatly  facilitate  the  steps  of  checkout 
and  integration. 

Each  subprogram  module  should  be  statically  and,  if  possible, 
dynamically  checked  out  prior  to  integration  into  the  real-time  simulation. 
This  can  be  accomplished  through  the  use  of  realistic  models  to  generate 
inputs  to  each  module.  As  an  alternative,  a tape  with  a time  historyof  all 
pertinent  data  can  be  used  for  input  to  the  module  under  checkout.  The 
taoecan  be  generated,  for  example,  by  other  simulation  programs  in  which 
confidence  if  already  high.  This  process  has  the  advantage  of  repeatability 
and  facilitates  the  isolation  of  variables  during  the  checkout  P™cess.  “ 
also  tends  to  be  less  expensive  in  terms  of  computer  resources  than  early 
checkout  of  subprogram  modules  in  the  real-time  environment. 

When  integration  is  attempted,  modules  should  be  i"t®Sr.ated  smgiy  . 
This  facilitates  isolation  of  problem  areas  as  each  new  module  *dd®^ J* 
does  require  that  the  executive  skeleton  execute  properly  alone  with  dummy 
subprogram  modules.  This  approach  takes  full  advantage  of  the  top-down 
software  structure.  In  many  cases,  it  will  be  advantageous  to  tetarn  to  the 
early  checkout  procedures  described  above  to  remedy  problems  detected 
and  identified  during  integration. 
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measurement  extended  Kalman  filter.  The  flow  diagram  for  such  a filter  is 
shown  in  Figure  19.  The  filter  states  are  stabilized  azimuth  gimbal  angle, 
n , and  angle  rate,  uj  . The  discrete  one  step  predictor  equations  are  written 
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FIGURE  19.  Kalman  Filter  Block  Diagram 


Filter  Gains 


P (k+1 1 k)  - 4>(k+l|k)  P(k|k)  ij>T(k+l|k) 


1 


I 


1 


K(k+1)  = P(k+l|k)  H^(k+1)  [H(k+1)  P(k+l|k)  H (k+1)  + R(k+1) ] 
P(k+1)  |k+l)  - [I  - K(k+1)  H(k+1)  ] P(k+l|k) 


-1 


(10) 

(ID 


where 


P = state  covariance  matrix 
<j ) » state  transition  matrix 
K - filter  gain  matrix 
H * measurement  matrix 
R » measurement  covariance  matrix. 


In  order  to  use  these  three  equations,  expressions  for  <Kk+l|k),  H(k+1) 
R(k+1)  and  initial  values  of  P(k|k)  are  required.  The  linearized  state 
transition  matrix  is  found  from  equations  5 and  6 by  taking  partial 
derivatives: 


$ (k+1 | k) 


3 n (k+1 | k) 
s 


Thus 


♦n-  1 


♦21  -° 


3 n (k|k) 
s 


3 aija(k+l|k) 

3 n (k|k) 

3 


♦12  ■ T 


3 fig(k+l|k) 
3 oi^g(k|k) 


3 uda(k+l|k) 
3 J>.  (k|k) 


♦22  - 1 + 


2(5  (k|k) 

es 


tan[o(k| k)  - Yr<k|k)] 
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The  measurement  matrix  H(k+1)  ia  simply  the  two  dimensional  identity 
matrix  since  each  state  is  also  a measurement.  Thus 


^i-1 


h12-° 


H21-° 


H22  " 1 


The  measurement  covariance  matrix  is  given  values  corresponding  to  the 
variances  of  the  two  measurements 


R(k+1)  - 


0 a 


0 R, 


Similarly  the  state  covariance  matrix  is  initialized 


P(0|0)  - 


0 P„ 


Substituting  the  above  quantities  into  equations  9,  10,  and  11  yields  the 
filter  gain  equations: 

Pu(k+l|k)  - P11(k|k)  + 2TP12(k|k)  + T2  P22(k|k) 

P12(k+l|k)  - Pn(k+l|k)  - * [P  (k|k)  + T P„(k|k)] 


P22(k+l|k)  - <|>222  P22(k|k) 


A - [Pn(k+l|k)  + RU1  * [P22(k+l|k)  + R22]  - P 2(k+l|k) 


2 

K11(k+l)  - {Pu(k+l|k)  [P22(k+l|k)  + R22]  - P12  (k+1 1 k) } /A 
K12(k+1)  = P12(k+l|k)  Rn/A 
K21(k+1)  = P12(k+l|k)  R22/A 

K22(k+1)  - {-  P122(k+l|k)  + P22(k+l|k)  [Pn(k+l|k)  + Ru])/A 
Pn(k+l|k+l)  - Pn(k+l|k)  [1  - K11(k+1)]  - P12(k+l|k)  K12(k+1) 
P12(k+l|k+l)  » P21(k+l|k+l)  - P12(k+l|k)  [1  - Kn(k+1^  - P22(k+l|k)  K12(k+1) 
P22(k+l|k+l)  - P22(k+l|k)  [1  - K22(k+1)]  - P12(k+l|k)  K21(k+1) 


APPENDIX  II 

NEW  BALLISTICS  COMPUTATIONS 

I I 

An  excellent  representation  of  low  drag  bomb  ballistics  can  be  obtained 
with  the  storage  of  just  two  constants.  This  algorithm  actually  represents 
a simplification  of  the  previous  ballistic  computations.  While  its  accuracy 
might  not  be  adequate  for  dropping  actual  bombs,  it  is  quite  adequate  for 
simulation  purposes.  It  works  at  any  attitude  (dive,  level,  or  climb)  and 
with  varying  accuracy  at  any  altitude  and  speed. 

The  crux  of  this  method  is  the  use  of  small  perturbations  from  vacuum 
ballistics.  In  a typical  dive  vacuum  geometry  (Figure  20),  the  no-wind 
range  (3^  ) and  time  of  fall  (T)  can  easily  be  found  from: 

H = V.  T + D 
Az 


i 8 T2  - VAz  I - H - 0 


It  has  now  been  found  that  excellent  representation  of  the  ground  range 
of  a low  drag  boob  can  be  obtained  over  a surprisingly  wide  range  of  operating 


conditions  simply  by  multiplying  gravity  by  a constant,  Kg,  slightly  larger 


than  1.  Then 


»-^g8i2 


-v  Vv  + 2 *« 8 H 


and  again 


■ VAx  T 


For  example , en  M-117  bomb  haa  been  fit  from  360  to  560  knots,  0 to  60 


degrees  dive  end  altitudes  of  1,000  to  7,000  feet.  Kg  wee  found  to  be  1.10 
to  minimize  the  error  In  elevation  angular  rate,  whose  ms  value  worked  out 


to  be  0.34  mr/sec. 
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The  value  of  T obtained  in  this  approximation  is  always  somewhat  lower 
than  true  T_  (time  of  fall).  While  this  in  itself  might  not  be  important, 
the  use  of  “ T would  cause  the  computed  trail,  L,  to  be  zero.  This  in 
turn  would  cause  cross-trail  to  be  zero,  so  that  when  cross-winds  are  entered 
into  the  system,  the  steering  would  be  unrealistic.  The  pilot  would  always 
be  commanded  to  point  his  ground  track  at  the  target  rather  than  slightly 
upwind  of  it.  Therefore,  a realistic  Tp  is  required  to  give  pilots  a realistic 
feel  of  the  steering  problem. 

This  is  quite  easily  accomplished  by  the  use  of  a second  constant, 
again  slightly  greater  than  unity: 


While  the  proper  value  of  K^,  might  vary  from  1.02  to  1.10  over  the  region 
of  interest  for  an  M-117,  the  use  of  some  median  value  will  always  insure 
a trail  in  the  proper  direction. 

Thus,  extension  of  the  operating  conditions  and  the  avoidance  of  setting 
in  nominal  values  for  altitude  and  time  of  fall  can  readily  be  accomplished 
for  low  drag  bombs.  If  and  when  high  drag  bombs  are  required,  this  solution 
will  no  longer  be  adequate.  A choice  will  have  to  be  made  between  polynomial 
fits  (which  are  available  for  a large  number  of  bombs  at  Hughes),  or  real- 
time integration.  An  excellent  algorithm  is  available  for  the  latter,  but 
it  would  add  considerably  to  the  computer  memory  and  execution  time  require- 

ments. 


APPENDIX  III 

FLOWCHART  OF  ARBS  SUBROUTINE 


The  following  is  a flowchart  of  the  weapon  delivery  subroutine  (ARBS) . 
Each  block  in  the  flow  is  titled  to  correspond  to  titles  in  the  FORTRAN 
listing.  Each  block  is  shown  in  detail  following  the  flowchart. 

The  execution  time  of  this  subroutine  including  all  computations  required 
by  the  two  Kalman  filters  is  approximately  40  msec  on  the  Sigma-5  computer  and 
about  one  half  that  time  on  the  Sigma-8  computer.  The  former  time  is  within 
the  45  msec  simulation  timing  goal. 


A 


BLOCK  5 


CLEAN 


ACCEPT  TRUE 
INPUTS 


1 


STABILIZED  SENSOR  AND 
TARGET  LOS  ANGLES 


rsm 


PRE-BALLI STIC  CALCULATION 
FOR  TRUE  BOMB  DISTANCE 
INCLUDING  NON-ZERO  WIND 


EXIT 


I 
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■ ~ ■ ...  . , . 


Computes  sensor1 s target  tracking  error 


e ■ e - e 
ms  true  s 


^ms  " \rue  ^s 


e ■ e cos  p + ri  sin  p 
m ms  ms 


n - - e sin  p + ti  cos  p 
m ma  ma 


CLEAN 

Sets  the  noisy  measurements  (denoted  with  an  X as  the  first  letter)  equal 
to  the  true  or  "clean"  values  of  the  measurements,  i.e.. 


XTHETA  - THETA 
XPHI  “ PHI 


NOISE 

Adda  gaussian  random  noise  to  the  clean  measurements.  The  zero  mean 
unity  variance  random  numbers  are  stored  in  an  array  RANDOM. 
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XTHETA  - THETA  + SIGl  * RANDOM  (IRAND  + 1) 


XOMGDM  = OMGDM  + SIG13  * RANDOM  (IRAND  + 13) 

IRAND  = IRAND  + 13 

BIAS 

Add.  a bias  to  each  measurement  which  remains  constant  during  the  course 
of  one  entire  run. 

BLOCK  3 

Computes  the  following  coordinate  transformation  matrices:  [Platform/Body], 

[Body/LOS],  [Platform/LOS]  denoted  by  Ml,  M2,  and  M3  respectively.  These 
matrices  are  defined  by  the  following  equations: 


I ~ 

ce 

0 

-se 

X 

X 

I 

- 

ses$ 

c<t> 

ces4> 

Y 

- Ml 

Y 

k 

sec$ 

-S<|> 

cec$ 

Z 

Z 

BLOCK  4 


Computes  backup  altitude  above  target  and  backup  range. 


«b-H  -H' 


P T 

s - VM3(1,3)  ■ V(Ir  • 


BLOCK  5 


Computes  stabilized  line  of  sight  angles  in  elevation  and  azimuth  as  well 
as  the  display  rotation  angle,  p. 


sin  e - - M3C1.3)  - - dR  * 2) 
s R 


,,  , 2 ^/2 
cos  e * (1  •“  sin  e) 
s 


-l.sln  es, 

c„  ■ tan 


sin  n - M3(l,2) / cos  e - (1R  • Y)/cos  e£ 


cos  n - M3(l,l) / cos  e 

S s 


(1R  • X) / cos  eg 


"s  " tan  fev1 


sin  p - M3(3,l)  sin  n - M3(3,2)  cos  n£ 


- (1D  • X)  sin  n8  " dD  * Y) 


cos  n 


cos  p - M3(2,2)  cos  n - M3(2,l)  sin  n£ 


(T  • Y)  cos  n_  - dp  • X)  sin  n£ 
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I 


* 

* 


II 


BLOCK  71 

Initializes  the  elevation  and  azimuth  Kalman  filters  during  the  first 
iteration  of  the  NARBS  subroutine. 


Initial  Predicted  Values  of  States 


£>e  (k+1 1 k) 


,(k+l|k) 


V [c°s  (n  + n ) sin  (e  + £ ) + a cos  (e  + £ )] 
_2 8 m g m g m 

*b 


V sin  (r>  + n ) 


((k+l|k)  = a>e(k+l|k)  cos  p - u>d(k+l|k)  sin  p 
(k+l|k)  - £>  (k+l|k)  sin  p + u).(k+l|k)  cos  p 


a (k+1 | k)  = e 


n (k+l  | k)  * n 
s s 


Vf(k+l|k)  = Vfl 
Owx(k+l|k)  = 0. 

Yr(k+l|k)  = 0 - a cos  <J> 


: (k+1 1 k) 


Initial  Predicted  Measurements  (not  already  initialized  as  states) 


on(k+l|k)  - £g 


V (k+l|k)  - V 
8 8 
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Y (k+l|k)  = Y (k+l|k) 

3L  ^ 


I 

t 


Initialize  4>  - State  Transition  Matrix 

*21  ' *61  ’ 1 

*22  = *33  ‘ *44  ' *55  ’ *66  ' 1 

Initialize  H - Measurement  Matrix 

*12-  1 
H16  ’ -1 

Initialize  0 - Disturbance  Covariance  Matrix 
QMAT  = 0.25  x 10-6 

Initialize  P(k|k)  - State  Covariance  Matrix 
Pn(0|0)  = 5 x 10“6 

P22(°l0)  “ 0,72  X 10"6 

P33(0|°)  - 401 
P44(0|°)  - 400 
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P55(0|0)  - 1 X 10" 
p66(0|0)  = 0.09  x 10"6 

Initialize  R - Measurement  Covariance  Matrix 
Ru  - 0.72  x 10"6 
R22  - 1 

R33  “ 1 x 10‘6 

R - 0.09  x 10~6 
44 

Initialize  Azimuth  Filter 

PAu(0|0)  - 0.22  x 10"6 
PA22(0|0)  = 25  x 10"6 

RAu  - 0.22  x 10  6 
RA22  - 2.25  x 10"6 


BLOCK  7L 

Carries  out  the  elevation  and  azimuth  Kalman  filter  computations. 
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I II  . m 


, ■ m 


u (kl  k) 
es 

" “es(*clk”1) 

+ RESID1 

o(k|k) 

- o(k|k-l)  + 

resid2 

$.(k|k) 

- ^r(k|k-l)  H 

i-  resid3 

,wx(klk) 

• Vkik-1> 

+ RESID. 

4 

Yr(k|k) 

= Yr(k|k-1)  H 

h resid5 

e(k|k) 

= e(k|k-l)  + 

resid6 

An  ■ n * 

s 

- ng(k|k-l) 

4 

3 

1 

3 

<3 

‘ ^ds<k 1 k—1) 

ng(k| k)  » 

B ng(k|k-l)  + 

V11  + V12 

Sds(k|k) 

- “ds(klk"1) 

+ v21  An  + v 

kl 


Estimated  Values  of  Calculated  Variables 


(a  cos  ~ g cos  0) 

0 = n — 

Va(k|k-1) 


a = normal  accelerometer  measurement 
n 
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* 


o 

. V (k | k)  sin  y_(k|k) 

* *«  i,\  . „ “1  r wx  __1 

v ■ v(k  k)  + tan  [■— - ~ ” •* 

a Vr(k|k)  - V^Cklk)  cos  Yr(k|k) 

0 - (V2  (k|k)  + 02(k|k)  - 20  (k|k)  V (k|k)  cy  (k|k))] 

a wx  ' r wx  i * 


A A A 

V “V  cos  y 

ax  a a 


$ - - V sin  y 

az  a a 


A A A 

V - V + V 

rx  ax  wx 


0 - 0 

rz  az 

0 sin  a + V cos  a cn 
* rx rz  s 

R “ A A * 

U CTl  + U , SO  STl 

es  8 ds  s 

a A A A 

V sn  - R w, 

a rx  s as 


A A A 

V = V cos  ^ - V sin  \\i 
rN  rx  ry 


A A A 

V = V sin  ib  + V cos  y 
rE  rx  T ry 


V = (V  CT1„  + V sns  ) CO-  - Vrz  so- 
rR  b 


V (-sin  0 cos  ^ + a cos  <*>  cos  £ cos  0 

a P 

+ V I - cos  0 sin  41  + a (-cos  4>  sin  0 sin  ^ + sin  4>  cos  ^ ) 1 > 

aL  P J 

A , I 

4*  V (-#  sin  4>  sin  6 cos  ^ + cos  4>  sin  y)  ^ 

a p 

A 

V (-sin  0 sin  ^ + a cos  4>  cos  0 sinip  ) 0 

a P 

A . I 

-f  V cos  0 cos  ^ + a (cos  <±>  sin  0 cos  ^ + sin  4>  sin  40  t 
a P 

A * 

+ V (-0  sin  <b  sin  0 sin  Y - cos  4>  cos  40  9 

a p 

A A I 

V (-cos  0 - a cos  <f>  sin  0)  0 + V (- a sin  <t>  cos  0)9 

a p a p 

[(VgN  CQ8(»»-I-T18)  + VrE  sln(»+Tis))  Sin  a Vr,,  cos  5 + ^rR  “es]  ^2  tan 


< b 


i 

I 

i 


I 


» 

I 

I 

I 

I 

i 

( 

I 


Predicted  Values  of  States  at  Start  of  Next  Cycle^ 

Ses(k+i|k)  - se8<k|k)  + iea  T 

(Limit  ueg(k+l|k)  to  be  <_  0) 

Sda(k+l|k)  - SdsCk|k)  + Sd8  T 

A 

A ^ Ac 

n = — % - * 

s COS  O' 

n (k+l|k)  - n (k|k)  + ns(k|k)  t 

5(k+l|k)  = 5(k|k)  + ueg(k|k)  T 

$r(k+l|k)  - Vr(k|k) 

H (k+1 1 k)  - V (k|k) 

WX  1 wx 

Yr(k+l|k)  - Yr(k|k)  + Yf  T 

aie(k+l|k)  - ueg(k+l|k)  cos  p + wdg(k+l|k)  sin  p 

« 

cod(k+l|k)  = - £>eg  (k+1 1 k)  sin  p + udg(k+l|k)  cos  p 
ue(k|k)  = ueg(k|k)  cos  p + wdg(k|k)  sin  p 
Sd(k|k)  - - £eg(k|k)  sin  p + Sdg(k|k)  cos  p 

Predicted  Values  of  Measurements 

Va(k+l|k)  - I^x(k+l|k)  + »r2(k+l|k) 

- 2V  (k+l| k)  V (k+1 1 k)  cos  Y (k+llk)]1^2 
wx  1 r r 
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y (k+1 1 k)  - y (k+l|k)  + tan' 
a r 


V (k+1 Ik)  sin  y (k+l|k) 

wx  1 r 

Vr(k+l|k)  - V^k+ljk)  cos  Yr(k+1 


BLOCK  7K 

Computes  the  Kalman  Filter  Gain  Matrix  for  both  azimuth  and  elevation 
channels. 


Compute  4>  Matrix  - Elevation  Channel 

<|/  £ (k+l|  k)  - $ 

i * 1 + T . ^ 

11  tan  [o(k|k)  - Yr(k|k)] 

-T  u (k|k)  [2u  (k | k)  - S] 
es  co  

12  sin2  [o(k|k)  - Yr(k|k)] 

T u (k  | k)  6 

es  

^13  Vr(k|k)  tan  [o(k|k)  - Yr(k| k) ] 


r If  |o(k|k)  - y (k|k)|  is  near  zero,  then 


1 


Compute  H Matrix  - Elevation  Channel 


Vant  " I?r  (k+1lk)  + Vk+l|k) 


^ 1/  2 

- 2Vr(k+l|k)  Vwx(k+l|k)  cos  Yr (k+l| k) ] 

V (k+1 | k)  - V (k+l|k)  cos  Y_(k+l|k) 

r WX  *- 


23 


anJl 


V (k+1  Ik)  - V (k+1 1 k)  cos  9_(k+l|k) 
wx  1 r r 


24 


*25 


33 


anil 


^(k+l|k)  Vwx(k+l|k)  sin  Yr(k+l|k) 


anil 


(k+l|k)  sin  Y_(k+l| k) 
wx  L_ 


anJl 


0 (k+1 | k)  sin  y (k+l|k) 


H 


34 


anJl 


H35  = 1 + 


V (k+l|  k)  V (k+1 1 k>  cos  Y (l*+l|U> 
r wx £ 


- v2 


W3 


anJl 


(k+1 | k) 
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Compute  Kalman  Gain  Matrix  - Elevation  Channel 

p (k+i | k)  = * P(k|k)  $T  + rqrT 


-1 


K(k+1)  - P (k+1 1 k)  HT  [H  P (k+1 1 k)  HT  + R] 
P(k+l|k+l)  = [I  - K (k+1)  H]  P(k+l|k) 


If  y (k+1 1 k)  < 15°  then  zero  out  horizontal  wind  channel  gains 


Azimuth  Filter  Gains 

(Same  form  as  above) 


BOMB 


Computes  true  inputs  required  for  computation  of  bomb's  horizontal 
range  at  release,  and  also  for  other  WD  computations  when  the  filter  is 
by-passed. 


Q > -<  > 


v 


-1  . xw 
Ay  ■ tan  Ay 


V. 


xw' 


r(k+l|k)  - yap  + Ay 


(k+1 | k)  ■ e + Ay 


n * n„  + n_ 

g m 


ns(k+l|k)  ■ n£ 


e *=  e + e + Ay 

g o 


$ (k+l|k)  - V 


am 


V (k+1 | k)  - V 

WX  1 XW 


. Hp  ~ ht 

“TGT  " M3(l,3) 


V [cos  n sin  e + a cos  e] 


£e(k+ljk) 


2d(k+l|k) 


V sin  n 
r 


u (k+1  Ik)  - u (k+1 1 k)  cos  p - u.(k+l|k)  sin  p 
es  e u 

fi  (k+1 1 k)  - m (k+1 1 k)  sin  p + ^(k+ljk)  cos  p 


BLOCK  8 


Computes  velocities  and  flight  path  angle  relative  to  air  speed  vector. 


Y - Y (k+l|k) 

a d 

sin  0 - sin  y 
ap  cos  $ cos  ® 

V - V (k+1 | k) 

A A 


VAX  ' V*  “S  T. 


VAY  ' - VA  “p  8l"  * 


VX  ■ VAX  + ?vx(k+l|k) 


VZ  - - VA  8ln  Ya 


BLOCK  10 


Computes  range  and  altitude  from  angle  rates. 

V sin  5 (k+1 | k)  + Vz  cos  5 (k+1 | k)  cos  ng(k+l|k) 


u (k+1 Ik)  cos  n 
es  1 1 


(k+1 | k)  + u.  (k+1 | k)  sin  o(k+l|k)  sin  ng(k+l|k) 


Denominator 


the  division  is  made. 


of  R is  checked  against  zero.  If  so,  R is  set  to  Rb  before 


R - R cos  o (k+1 1 k)  cos  fi  (k+1 1 k) 

X 8 

H - - R sin  o (k+1 | k) 
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Vy  sin  ng(k+l|k)  - R (k+1 1 k) 


cos  n (k+l|k) 
s 


VHY  ■ VY  - VAY 


BLOCK  11 

A pullup  warning  is  issued  (JPULLUP  - 1)  if  the  aircraft  is  in  danger 


of  either  hitting  the  ground  or  getting  caught  in  the  bomb  blast.  A 4-g 
pullup  capability  is  assumed  for  the  aircraft  and  the  M117  low  drag  bomb  is 

assumed  for  the  blest  clearance* 


n^G  * ®*i  + ” COS  Ya*  Va  ^96,6  + ^3  VZ 


Hyj  “ BWX  - BW2  sin  Ya  + BW3  Vz 


Hy  • max  ^g* 


If  H <_  then  set  JPULLUP  - 1. 


BLOCK  14 


Computes  stabilized  aircraft  referenced  Initial  bomb  velocities  Including 
ejection  velocities  for  use  in  ballistic  equations 


VXB  * VAX  + VEJ  • MC3,1) 


V ■ VAY  + VEJ  * M1(3‘2) 
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I . 
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BLOCK  16 

Computes  CCIP  mode  steering  reticle  in  stabilized  aircraft  coordinate 


system. 


PX  ■ V*B 

PY  ■ V*» 

P,  - (H.  + V^/Hj 


BLOCK  2 OB 

Computes  CAL  mode  steering  reticle  pointing  vector  in  stabilized  aircraft 


coordinate  system. 


L • Vv  • sin  n (k+l|k) 

A 3 


R(RX  + L) 


Px  - M3  (1,1)  - IR  • X 
Py  - M3(l,2)  + tf[u)DSC  - «d8(k+l|k)] 
where  M3(l,2)  - • Y 

P,  - M3C1.3)  - IR  • * 


steer 
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V = V„  sin  e cos  <{>  - v sin  * + \ cos  9 cos  * 
PK  X 


1^1  i — I « f II  v 


BLOCK  21 

Computes  the  pointing  vector  for  the  tracking  reticle. 


Ti  ' Tr  * 1 “ M2(l,l) 


T1  " \ * J " M2(l,2) 


Tk  " XR  * k " M2(l,3) 


-1 


TR 


tan  (T./T.) 


J'  i' 


-1 


eTR  " - tan  (T,7T4) 


k i 


LOCK 


«h.n  locked  onto  a target,  senses  If  either  reticle  goes  off  the  HUD 
and  keeps  it  on  the  HUD. 


NOLOCK 


If  not  locked  on  to  target,  senses  when  either  reticle  goes  off  the  HUD 
and  keeps  it  on  the  HUD, 


* " - 


Prints  out  several  variables  every  20  iterations.  The  counter  is  IC, 


Prints  out  several  filter  variables  according  to  the  following  format: 


(repeat  above  quantities  with  noise  added  if  IDROP  5) 


nfl (k+l | k) 

SeB(k+i|k) 

RESID, 


iis(k+i|k) 


i(k+l|k)  Vr(k+l|k) 


RESID. 


RESID. 


V^k+ljk) 

RESID. 


Yr(k+l|k)  e(k+l|k) 
RES ID j RES ID 6 
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APPENDIX  IV 


DEVELOPMENT  OF  AUTOPILOT  CONTROL  LAW 


1.  Definition  of  Aerodynamic  Differential  Equations 

The  aircraft  coordinate  system  must  be  defined  first.  The  unit^vectors 
a e as  follows:  1 = i is  along  the  fuselage  reference  line,  ly  = j is 
a Long  the  right  wing,  and  « 1 x } is  down.  Coordinate  systems  are 

discussed  in  depth  in  References  1 and  9. 

Complete  aerodynamic  differential  equations  are  developed  in  Reference 
3.  By  linearizing  the  equations  and  making  reasonable  assumptions,  the 
equations  may  be  simplified  and  written  in  uncoupled  form.  The  longitudinal 
equations  of  motion  are  the  following i 


u - X u + X w 
u w 


w = Z u + Z w + U q + Zx  6 
u w o 6 e 


q = Mu  u + Mw  w + Mq  q + M6  6fi 


where 


u — component  of  velocity  perturbation  along  the  1^  axis 

U = trim  (horizontal)  air  speed 

0 

w = component  of  velocity  perturbation  along  the  iz  axis 

— ► 

q = angular  rate  about  the  ly  axis 

6 = elevator  deflection  angle 

e 

and  the  dimensional  stability  derivatives  Xu>  Xw,  Zu>  Zw>  Z^,  Mw>  Mq, 

and  M(S  arc  given  in  Appendix  I as  functions  of  atmospheric  density,  wing 

1 e 

characteristics,  etc. 


The  lateral  equations  of  mot Ion  are  the  following: 


6 . Y 6 - r + Y5  6 + Y «r 

a r 


p - L 6 + L p + Lr  r + Lj  6r 


r - NB  6 + N p + »r  r + »j  «a  + N«  Sr 

a x* 


v = component  of  velocity  perturbation  along  the  ly  axis 

p ■ angular  rate  about  the  lx  axis 

r = angular  rate  about  the  1 z axis 

6 * aileron  deflection  angle 

a 

6 - rudder  deflection  angle 

r 

and  the  dimensional  stability  derivatives  Y , Y6  , Y&  , Lg,  L » Lr>  L6  , 

a T v a 

bfi  , Nft»  N , N , , and  are  given  in  Appendix  I.  It  is  also 

r p P ^ a r 

implicitly  assumed  that 


p = <j>  - ip  sin  0 a <{> 


q * 0 cos  4>  + cos  0 sin  <p  as  0 


r * -0  sin  <}>  + t cos  0 cos  4>  ss 


Equations  (12)-(17)  can  be  combined  in  matrix,  or  state,  notation  in 


the  following  manner: 
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0 »«  HS 


The  vector  of  deflection  angles  represents  the  system  input  vector. 

1 

2.  Definition  of  Inner  Loop  Control  Laws  and  States 

The  three  deflection  angles  6fl,  and  6^  are  themaelves  functions  of 
the  aerodynamic  quantities  of  equations  (12)— (17) . These  relationships  are 
referred  to  as  inner  loop  control  lavs . 

I Figure  21  shows  the  pitch,  or  elevator,  control  law  assumed.  The  block 

diagram  can  be  reduced  to  the  form  shown  in  Figure  22 , wherein  the  states  x^ 
and  x2  are  defined.  From  Figure  22,  an  expression  for  6£  in  terms  of  the 
states  x^  and  x2  can  be  written: 

s 

' 


rn  Inn  ii n — i— - • ^2 


95 


Figure  21.  Block  Diagram  of  Pitch  Control  Law  (Inner  Loop) 


NORMAL  ACCELERATION 


2.  Reduced  Block  Diagram  of  Pitch  Control  Law 
(Inner  Loop)  with  Two  States  Specified 


1 

C2 

6e  * K1  Kq  *1  + Kq  X1  + x2 


K1  K q + [K  1] 


(22) 


From  Figure  22,  the  state  equation  for  and  x^  can  also  be  determined: 


Lx2  J 


1_ 

c. 


"2% 


-C. 


K 


K1  K2  Kq 


(23) 


But  the  normal  acceleration  a is  given  by 

z 


a ■ w - U q 
z o M 


Z u + Z w + Z.  6 
u w 6 e 

e 


(24) 


(using  equation  (13)).  Finally,  equations  (22)  and  (24)  can  be  substituted 
into  equation  (23)  to  yield 


V K 1.  - 1.  /K  z.  0 

r;  i 

/a  , 6e  \ A «V 

- -1 

\ "I  / \ C1  / 

X1 

. 

s 

cV 

X 

. K2  Kq  "C2  . 

x2_ 

”/K  Z \ /K  Z \ /K1  Ka  Kq  Z<5  \ 

• _ 

( a u]  / a w]  ( e\ 

u 

+ 

u / w y i j 

w 

0 0 K,  K,  K 

1 2 q. 

-Ill 

q 

(25) 


97 


t juations  (11)  and  (14)  contain  the  required  state  representation  for  Xj 
and  X£> 

The  assumed  roll,  or  aileron,  inner  loop  control  law  is  simply  the 
following  equation: 


6 » K p 

a p 


(26) 


where 


0.1, 


q - 1000 


0.4  - q/3000,  100  - q < 1000 


\ 0.4, 


q < 100 


q ■ dynamic  pressure  (see  Appendix  A) , slugs/ (feet  • sec  ) 

Figure  23  shows  the  yaw,  or  rudder,  inner  loop  control  law  assumed. 

The  block  diagram  can  be  reduced  to  the  form  shown  in  Figure  24 , wherein  the 
states  x^,  x^,,  x,.,  and  x^  are  defined.  From  Figure  24,  an  expression  for  6 
in  terms  of  the  four  states  can  be  written: 


5 =K0x.+x.+xc+x, 

r 3 3 4 5 6 


(27) 


ay  * LATERAL  ACCELERATION 
C3  = 0.5 
C4  = 0.03 
C5  * 0.33 
K * 0.0036 
K3  = 0.012 


' 0.25,  q > 1000 

1.1 100  < q < 1000 

Kf=  ' 1200 

1 1.0  , q < 100 


(q  in 


slugs 
ft  sec2 


) 


Figure  23.  Block  Diagram  of  Yaw  Control  Law  (Inner  Loop) 


....  II  IIP' 


But  the  lateral  acceleration  a 


y 


is  given  by 


a * U B + U r 
y o o 


U Y B + U Y 

O V o o 


5 + U 

a o 


6 

r 


(29) 


(using  equation  (15)).  Substitution  of  equations  (29),  (15),  and  (27)  into 
equation  (28)  eventually  yields 


V 

"<F1  K3  - 

F1 

F1 

Fl“ 

x3" 

*4 

K 

0 

0 

0 

x4 

*5 

f2  k3 

F2 

(F2  “ C5> 

F2 

X5 

_*6. 

0 

0 

(1  - h~) 

C4 

1 

~ C4. 

X6 
m <■ 

where 


K U Y 


* 


Equations  (27)  and  (30)  contain  the  required  state  representation  for  x.y 
x4,  x5,  and  x&. 

3.  Determination  of  the  Bombing  Delivery  Objective  Function 

The  coordinate  system  used  for  bombing  delivery  calculations  is  the 
stabilized  line-of-sight  (LOS)  system.  The  unit  vectors  are  the  following: 

1 is  along  the  LOS  to  the  target,  le  is  normal  to  1R  and  in  the  horizontal 
plane,  and  L - L x L is  down.  It  is  also  necessary  to  define  the  space- 

stabilized  aircraft  coordinate  system.  The  unit  vectors  are  the  following: 

•+ 

i is  along  the  aircraft  heading  in  the  horizontal  plane,  jg  is  normal  to 


i in  the  horizontal  plane,  and  kc 


i x j is  down, 
s s 


The  target  LOS  rate  about  the  id  axis  is  denoted  by  wd  . The  bombing 

c S 


computations  generate  a commanded  value  for  ^d^’  lv ® ^ ^y 


* 


( 


R + L 
x 


V sin  p 
> <”  R °> 


(31) 


The  symbols  and  geometry  are  indicated  in  Figure  25.  It  can  be  shown  that 

(32) 


V sin  p 
x s 


V cos  n 
-1 §. 


where 


V - -w  sin  <)>  + W w W 
y y y 


W = wind  velocity 

y 


Equation  (20)  can  thus  be  written  as 

L 


b) 


R + L 
s \ x 
c 


u> 


W cos  rj 
y s 


(33) 


*Note  that  if  there  were  no  wind,  the  bombing  command  would  be  to  diminish 


w,  , eventually  driving  it  to  zero, 
d 
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c8  • space-stabilized  elevation  angle  to  target 
n ■ 9pace- stabilized  azimuth  angle  to  target 


R - range  to  target 

- component  of  aircraft  velocity  In  the  lg  direction 
L - horizontal  trail  of  bomb 

i * I 

I 

I 

FIGURE  25.  GEOMETRY  FOR  ANGLE  RATE  BOMBING 
CROSS-PLANE  SOLUTION 


I 


h 


E 1 


The  objective  of  the  autopilot  control  Is  to  drive  w.  to  wd  using 

U S p 


aileron  and  elevator  commands.  This  is  accomplished  by  driving  the  state 


6u)  * a),  - (o. 

a d 
6 s. 


(23)  (34) 


to  zero.  For  this  purpose,  a state  equation  for  6(o  is  derived  in  Appendix  VI. 
The  state  equation  is  the  following: 


6(o  * E-  u + E0  w + 6 + E,  p + Ec  r + E.  KQ  x0  + E,  x, 

J 2 3 4 r 5 63364 


+ E6  x5  + E6  X6  + E7  6a) 


(35) 


where 


R(R  cos  • cos  ri  + L) 


A.  X cos  r cos  m 
1 w 


J2  R cos  t cos  n + L 


A.  U [R  cos  c cos  n Y - R(c  sin  e cos  n + n cos  e sin  n)  - R cos  e cos  n] 
E.  - -J— 2 V - 


R(R  cos  e cos  n + L) 


A.  U Y_  K cos  c cos  n 
j o <5  p 

J a 


"4  R cos  c cos  n + L 


A.  U cos  € cos  n 

E„  - 


R cos  t cos  n + L 


A.  U Y.  cos  r cos  n 
J o 6 

J r 


^6  R cos  t:  cos  n + L 


-sin  n 


J.  , 2 2 

j 1 - sin  e cos  n 
cos  e cos  n 


f 1 - sin  e cos  n 

a id  e and  n are  the  sensor  elevation  and  azimuth  gimbal  angles,  respectively. 

A.  Synthesis 

In  the  previous  three  sections,  state  equations  have  been  developed  for 
six  aerodynamic  state  variables  (equation  (21)),  six  inner  loop  control  states 
(equations  (23)  and  (28)),  and  one  bombing  delivery  state  (equation  (35)).  It 
is  now  necessary  to  synthesize  the  three  state  equations  into  one,  taking  advan- 
tage of  equations  (26)  and  (27).  The  resulting  state  equation  is  shown  on  the 
following  page.  It  should  be  noted  that  equations  (21),  (23),  and  (28), 
equation  (63)  of  Appendix  VI  are  used  to  determine  how  the  additive  controls 

A6  and  A6  affect  the  thirteen  states, 
e a 


5 Discretization  Procedure 

Equation  (25)  represents  a state  equation  of  the  standard  form 
x ■ A x + B u 


where 

x is  the  13  x 1 state  vector 
A is  13  x 13 
B is  13  x 2 

u is  the  2x1  control  vector. 

The  autopilot  controls  are  to  be  implemented  digitally  every  T seconds. 

It  is  therefore  necessary  to  discretize  equation  (36).  The  state  transition 
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matrix  Is  given  by 


A . . AT 

<J>  - 4>(0,  T)  - e 


(37) 


(see,  for  example.  Reference  4).  Equation  (37)  must  be  evaluated  numerically, 
using  the  series  expansion  for  the  exponential.  The  discretized  state 
equation  then  becomes 


where 


x(n+l)  * 4> 


x(n) 


+ ¥ u(n) 


f 


♦ B dt  M B T 


(27)  (38) 


(39) 


It  should  be  noted  that  ♦ Is  assumed  to  be  time- Invariant.  While  this 

Is  not  strictly  true  because  $ Is  a function  of  external  target  data 
• • 

(Rt  e,  q,  ( , n),  no  other  Information  about  4>  in  the  future  is  available; 
solution  of  the  discrete  time  optimal  control  problem  requires  future  know- 
ledge of  4>  (as  is  seen  in  the  next  section).  Moreover,  it  is  not  likely 
that  4>  will  actually  vary  much  over  the  duration  of  the  autopilot-controlled 
flight. 


6.  Definition  of  the  Optimal  Control  Problem 

The  system  (♦,  i|>)  illustrated  in  Figure  26  is  controllable  since  the 
matrix 

[¥  ' ♦¥  1 4>24'  * ' *12Yl 

k i i i i J 

has  rank  13.  This  statement  would  not  be  true  if  only  one  deflection  angle 
were  used  as  a control. 
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Figure  26.  Detailed  Block  Diagram  of  Tactical  Autopilot  Control  System 


8 


V 


Define 


*-£ 


x (i)  Q(i)  £(i)  +u  (i-1)  R(i-l)  U(i-l) 


where 


t 

_.._y 


0 


0 R 


(Uoth  Q and  R must  be  positive  semldef inite  matrLces.)  The  optimal  control 
problem  for  the  tactical  uutopilut  is  to  determine  a control  law  lor 
equation  (38)  (and  Figure  7)  which  minimizes  JN  (for  some  arbitrarily  large  N) . 


The  values  q^,  q^,  qg,  q^  and  R^,  are  "levers,”  costs  associated 
v ith  undesirable  values  of  states  and  with  control  effort,  respectively. 
rl  he  values  assumed  are  the  following: 

q3  = q7  = <8  = 1 


q13  50 


Rx  = 100 


r2  = ! 

Ihe  terms  Hy » and  Qg  are  non-zero  because  a secondary  objective  is  to 

achieve  zero  Euler  angle  rates.  The  term  R.  is  so  large  because  A6  is 

1 a 

the  preferred  control;  therefore,  control  via  A must  be  made  relatively 
costly. 

The  value  of  N is  chosen  to  be  arbitrarily  large.  This  is  done  to 

force  the  controller  to  achieve  its  objective  (primarily  to  drive  6w  to  zero) 

as  quickly  as  possible  and  to  maintain  it.  If  N were  finite,  it  could  not 

be  guaranteed  that  the  cost  function  would  not  be  excessive  for  n >>  N. 

(Such  considerations  are  discussed  in  Reference  5,  among  other  places.) 

If  it  were  only  desired  to  drive  6m  to  zero,  the  control  problem  could 

be  treated  as  an  output  regulator  problem.  That  is,  the  state  vector  could 

be  formed  with  the  first  12  elements,  and  the  output  would  be  equation  (24). 

This  approach  is  equivalent  to  that  formulated  here  if  q = q = q = o. 

i 7 o 


1 • Solution  of  the  Matrix  Riccati  Equation 

The  optimal  control  law  for  the  linear  regulator  problem  formulated  in 
the  previous  section  is  the  linear  feedback  control  law 


u(n)  = S(n)  x(n) 


where  the  2 x 13  feedback  control  matrix  S(n)  is  determined  recursively  from 


^mm 


1 


the  following  equations: 


r,-l  ,T 


S(n)  = - [<T  K(n+1)  i|»  + R]  * K(n+1)  * 

K(n)  = <t,T  K(n+1)  <J>  + K(n+1)  <|>  S(n)  + Q 


(42) 

(43) 


solved  backward  in  time.  Since  the  terminal  time  N is  arbitrarily  large, 
the  terminal  condition  for  recursive  solution  of  equations  (42)  and  (43)  is 


K(N)  = 0 

and  only  the  steady-state  solution  for  S is  required.  That  is,  steady- 
state  solution  of  equations  (42)- (44)  yields  a constant  gain  matrix  S . 
The  autopilot  control  law  is  then 

-►  * -*  . 

u(n)  = S x(n) 


(44) 


(45) 


1 I 

i 


8.  Recommended  Control  Law 

Equations  (42)-(44)  are  solved  by  means  of  a digital  computer  program. 

In  this  program,  the  discretization  process  of  equations  (37)  and  (39)  is 
first  performed  (numerically).  Then  the  gain  matrix  S*  is  computed,  given 
the  costs  assumed  earlier.  This  computer  program  iu  described  and  listed 

in  Appendix  C. 

The  matrices  4 and  i|»  involved  in  equations  (42)  and  (43)  depend  on 
target  data  (because  of  the  bombing  delivery  state  «<«>).  This  target  data  is 

the  following: 

/ t • 

r,  c,  n,  c,  n • 


(Of  course,  the  matrices  also  depend  on  aerodynamic  quantities,  for  which 
values  have  been  assumed  in  Appendix  1. ) Using  the  simulation,  S has  been 

*See,  for  example.  References  4 and  6.  These  equations  together  comprise 
the  matrix  Rlccati  difference  equalion. 


* 


* 


computed  for  various  values  of  the  five  quantities.*  The  following  conclu- 
sions  have  been  reached: 

(1)  the  small  values  of  n*  c,  and  n which  would  be  expected  in  the 
bombing  delivery  situation  have  no  appreciable  effect  on  S* 

(2)  as  long  as  e is  not  over  approximately  30°,  S*  will  not  vary 
. * 

(3)  two  elements  of  S depend  on  range 

* 

The  constant  values  of  S are  listed  below  (to  3 significant  figures): 


S*(l,  1)  = -9.70  x 10"3 
S (1,  2)  = -2.86  x 10~2 
S*(l,  3)  =*  0.213 

S*(l,  4)  = 2.69  x 10~2 

S*(l,  5)  = 50.7 

S*  (2 , 6)  = -50.9 

S*(2,  7)  - 7.03  x 10-2 

S* (2,  8)  = 0.659 

S* (2 , 9)  - -3. 48  x 10-3 
S*(2,  10)  - 3.22 
S*(2,  11)  » -0.142 
S*(2,  12)  - -0.154 


(46) 


Values  of  the  tvo  range-dependent  terms  are  given  in  Table  14.  All  other 
elements  of  the  gain  matrix  S are  zero.  The  values  of  S*  in  Table  14 

*lt  is  assumed  that  T «=  0.050  sec  and  L » 2000  ft. 
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TABLE  14.  RANGE-DEPENDENT  GAIN  TERMS 


Range, 
n.  miles 

S*(2,  1) 

S*(2,  13) 

0.5 

3.76  x 10“2 

1.59  x 102 

1.0 

7.54  x 10"3 

88.7 

1.5 

6.24  x 10-3 

1.56  x 102 

2.0 

9.62  x 10"3 

4.90  x 102 

2.5 

-7.52  x 10~2 

-8.64  x 103 

3.0 

6.57  x 10-3 

2.75  x 103 

3.5 

-4.15  x 10-4 

2.92  x 102 

4.0 

t 

-4.29  x 10"4 

1.13  x 102 

are  curve-fit  for  ease  of  mechanization.  The  resulting  expressions  ares 


S*(2,  1)  * (-4.59  x 10"3)  + U-96  x 10 


S*(2,  13)  a (1.07  x 104)  - (4.95  x 104)  R + (8.61  x 104)  R2 


- (7.23  x 104)  R3  + (3.12  x 104)  R4 


- (6.60  x 103)  R5  + 535  R6 


where  R is  expressed  in  n.  miles. 

The  quantity  wj  is  in  tact  a noisy  quantity.  It  is  smoothed  with 

s 

a Kalman  Filter.  The  well  known  Separation  Principle  (Reference  4) 
states  that  the  optimal  stochiastic  control  system  consists  of 


. v V 


1 1 1 1 iWT 


the  optimal  filter  in  cascade  with  the  deterministic  optimal  controller. 
Therefore,  the  estimate  of  6u>  should  be  used.  The  recommended  control  law 


is  the  following: 

A6  - S*(l,  1)  u + S*(l,  2)  w + S (1,  3)  q + S (1,  A)  ^ 


A6  = S (2 
a 


+ S (1,  5)  x2 

, 1)  u + S* (2,  6)  B + S* (2,  7)  p + S (2,  8)  r + S (2,  9)  x3 
+ S*  (?.,  10)  x4  + S*(2,  11)  x5  + S*(2,  12)  x6 
+ S*  (2,  13)  [u>d  - wd  ] 


(A' 


(5 


where 


the  elements  of  S*  are  given  by  equations  (A6)-(A8), 


^ is  the  smoothed  estimate  of  u»d  from  the  Kalman  Filter 
ds 


0), 


is  the  command  from  the  bombing  delivery  calculations 


and  A6  and  A 6 are  in  radians. 


The  quantities  Me  and  i«a  neat  be  applied  over  tne  entire  period  (of 
duration  T seconds) . 


V 




atmospheric  density  ■ 0.00238  slugs/ft 

2 

wing  area  - 375  ft 

wing  span  - 38.73  ft 

mean  aerodynamic  chord  - 10.84  ft 

trim  air  speed  - 1000  ft2 

aircraft  mass  - 940  slugs 

24,899  slugs  ft2 

70,497  slugs  ft2 

89,050  slugs  ft2 
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APPENDIX  VI 

DERIVATION  OF  STATE  EQUATION  FOR  6u> 
Equation  (23)  of  the  text  may  be  written  as 


R T W cos  n 

So)  = (R  +~ ) md  - (r“  + L)  ( y R “) 
x s x 


A state  equation  for  6 to  is  obtained  by  differentiating  equation  (B-l) 
h i Ki.a  K f L w..  c°s  n_l 
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where  it  is  assumed  that 


W * L % 0 . 

y 


A state  equation  should  be  a linear  function  of  W,  so  terms  must  be 
rearranged: 
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and  c and  r|  are  the  elevation  and  azimuth  gimbal  angles,  respectively. 
Similarly, 


1 


a = X.  u + X.  v 

% 1 J 


Also,  it  can  be  shown  that 


R =»  R cos  e cos  n 
x 


R^  =■  R cos  e cos  n + R [0  sin  e cos  n - c sin  l cos  n 


- n cos  l sin  n] 


R cos  e cos  r]  - R [e  sin  e cos  n - n cos  i:  sin  n]  (61) 


The  terms  in  brackets  in  equation  (55)  are  judged  to  be  relatively 
small.  Thus,  substitution  of  equations  (56)  and  (59)  into  equation  (55) 
yields 


R RR-2RR  AJ  RR-2RR  A. 

x r , x x_v  , i v . , x X\  , J v „ 

+ 6a»  + ( 2 ) (R  + L*  U + ( _2  R + V 

x R x R x 


[iusfrij]  “ + [*<sf*t>] ; 


with  the  associated  equations  (57),  (58),  (60),  and  (61),  But  the 
accelerations  u and  v are  given  by  equations  (12)  and  (14)  of  the  text, 


respectively,  so 
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. /oa\  am 1 *271  for  5 and  S » respectively,  into 
Substitution  of  equations  (26)  and  (//)  tor  ofl  r 

equation  (B-13)  results  in  the  final  equation: 
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Equation  (64)  is  accompanied  by 


equations  (57),  (58),  (60),  and  (61). 


APPENDIX  VII 

SUPPLEMENTAL  TRIAL  SERIES 


INTRODUCTION  AND  SUMMARY 

A supplemental  trial  series  was  performed  during  the  period  of  May 
through  August  1975  to  explore  in  greater  depth  the  impact  of  wind,  altitude, 
and  task  priorities  on  pilot  performance.  A total  of  200  weapon  delivery 
task  trials  were  conducted.  These  trials  provided  weapon  delivery  and  pilot 
workload  data  which  may  be  used  to  further  substantiate  the  conclusions  of 
the  trial  series. 

The  test  conditions  of  the  initial  series  were  retained  for  the  supple- 
mental trials.  These  conditions  are  identified  below  and  are  described  in 
detail  in  the  main  body  of  the  report  as  referenced. 

• TDS/ Simulation  System  - The  major  simulation  system 

features  ---  computed  azimuth  lead  (CAL)  steering,  manual 
and  autopilot  flight  control,  automatic  weapon  release,  and 
the  head -up  display  (HUD) were  retained  for  this  series. 

• Terminal  Attack  Tasks  - The  weapon  delivery  tasks target 

sighting,  target  acquisition,  target  tracking,  aircraft  steering, 
weapon  release,  and  external  target  detection were  identi- 

cal for  the  supplemental  series. 

• Subjects  and  Training  - The  four  pilots  who  have  participated 
in  the  two  previous  studies  again  served  as  the  subjects  for 
this  series.  Familiarization  with  the  6000  foot  altitude  and 
random  wind  conditions  was  provided  prior  to  initiating  the 
trials. 

• Recorded  Data  - Cross -track  miss  distance  and  external  light 
detections  were  the  primary  data  items  which  were  recorded 
and  analyzed. 

Three  major  factors  were  varied.  The  no-wind  and  single-crosswind 
conditions  were  broadened  to  provide  a random-wind  situation.  The  altitude 
ceiling  was  raised  to  6000  feet.  Finally,  the  operating  priority  under  which 
the  individual  trial  was  performed  was  varied  between  the  primary  weapon 
delivery  task  and  the  detection  of  the  light  targets  external  to  the  cockpit. 


1 


’ — ^ ^ 


t 


( 


The  data  provided  by  the  200  supplemental  trials  are  presented  in 
detail  in  Tables  15  through  2U  and  Figures  27  through  30.  These  data  sup- 
port the  following  major  conclusions: 

• The  presence  of  a random -wind  factor  does  not  significantly 
affect  manual  weapon  delivery  performance.  The  use  of  auto- 
pilot reduced  cross-track  miss  distances  47  percent  (16.4  to 
8.7  feet)  in  the  random -wind  situation.  In  this  series,  the 
autopilot  performance  was  equal  to  earlier  no -wind  trials. 

• When  operating  in  a minimum  time  attack  situation  (such  as 
that  imposed  by  a 6000  foot  operating  altitude),  the  autopilot 
function  serves  to  significantly  improve  weapon  delivery  per- 
formance over  manually  controlled  flight. 

• A predetermined  task  priority  (weapon  delivery  or  external 
target  detection)  has  no  discernible  impact  on  pilot  perfor- 
mance of  either  the  weapon  delivery  task  or  external  light 
detection.  It  would  appear  that  the  requirements  of  the  tac- 
tical situation  will  be  dominant  in  establishing  task  priorities 
during  the  weapon  delivery  process. 


WIND 


The  initial  trial  series  included  a set  of  40  trials  in  which  a wind 
factor  was  added  to  the  trial  conditions.  The  value  which  was  used  was 
270  degrees  at  40  knots  --  a left  crosswind  component.  The  wind  factor 
was  the  same  for  all  20  trials.  Weapon  delivery  accuracies  were  virtually 
identical  for  the  wind  factor  series  when  compared  to  no-wind  trials  when 
flying  manually.  Workloads  did,  however,  show  a significant  increase  when 
the  wind  factor  was  present. 

In  further  analysis  of  these  data,  the  impact  of  training  was  considered. 
Did  the  pilots  perform  well  in  the  wind  situation  because  they  had  learned  the 
correct  action  for  the  given  wind  condition?  This  query  prompted  the  expan- 
sion of  the  single -wind  condition  to  a somewhat  random  set  of  five  wind  con- 
ditions. Crosswinds  of  270  degrees/40  knots,  315  degrees/20  Knots, 

45  degrees/20  knots,  and  90  degrees/40  knots  plus  a no-wind  condition 
were  presented  to  the  pilot  in  random  order  through  his  set  of  20  trials 
(ten  manual,  ten  autopilot).  This  approach  forced  the  pilot  to  react  to  the 
steering  commands  on  the  HUD  rather  than  being  able  to  anticipate  the 
required  corrections. 

The  results  of  the  random -wind  trials  were  again  virtually  identical 
to  the  no-wind  and  fixed-wind  conditions  when  flying  manually.  However, 
when  using  the  autopilot  in  the  random-wind  condition,  the  cross  track  miss 
distances  were  comparable  (8.7  to  8.5  feet)  to  the  results  achieved  in  the 
no -wind  condition  (Table  1).  This  would  indicate  that  the  autopilot  control 
technique  used  in  the  similation  system  is  capable  of  completely  neutralizing 
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TABLE  15.  CROSS-TRACK  MISS  DISTANCE  VERSUS 
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TABLE  18.  MISSED  LIGHTS  VERSUS  ALTITUDE 


TABLE  19.  6000  FOOT,  RANDOM  WIND  CROSS-TRACK 

MISS  DISTANCES 


Subject 

Manual 

Flight  Control 

Autopilot 

i 

36.  9 

23.  2 

2 

50.4 

22.4 

Average 

43.7 

22.  8 

TABLE  20.  6000  FOOT /RANDOM  WIND  MISSED  LIGHTS, 

percent 


Subject 

Manual 

Flight  Control 

Autopilot 

i 

34.  5 

13.  2 

2 

48.  9 

39.  3 

Average 

41.7 

26.  3 

the  impact  of  wind  conditions.  In  so  doing,  a significant  (47  percent)  improve- 
ment in  weapon  delivery  accuracy  may  be  realized  through  use  of  autopilot 
control. 

External  target  detection  performance  (Table  16)  remained  relatively 
constant  for  all  trials  where  wind  was  a factor.  As  indicated  in  the  initial 
trial  series,  there  is  a significant  increase  in  workload  in  terms  of  the  per- 
centage of  missed  lights  (no  wind- 19.  3 percent,  fixed  wind- 32.  8 percent, 
random  wind- 31.  8 percent)  when  a wind  factor  is  present. 


ALTITUDE 

The  increase  of  altitude  from  1000  to  5000  feet  and  the  resulting 
decrease  in  the  time  available  for  target  designation  and  steering  corrections 
to  the  weapon  release  point  had  a twofold  impact  on  pilot  performance.  Wea- 
pon delivery  accuracies  decreased,  and  pilot  workloads  increased.  The 
impact  was  most  significant  when  the  pilot  was  flying  manually. 

A supplemental  trial  series  of  80  trials  was  directed  to  an  examination 
of  pilot  performance  at  a maximum  detection  altitude.  Using  a 5 miles 
simulated  detection  range  and  an  11  degree  down  HUD  field  of  view,  the  maxi- 
mum detection  altitude  is  approximately  6000  feet.  At  this  altitude,  the  pilot 
has  an  interval  of  from  3 to  5 seconds  to  acquire  the  target  following  its 
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Figure  30.  Test  Subject  4 
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initial  appearance,  and  approximately  10  seconds  to  make  any  required  steering 
corrections  to  the  weapon  release  point.  It  is  only  because  of  the  provision 
for  the  off-HUD  symbology  that  the  attack  can  be  made  at  these  geometries. 

Overall  performance  at  6000  reet  (Table  17)  was  virtually  identical  to 
that  which  was  recorded  for  the  5000-foot  series.  Cross-track  miss  distance 
when  flying  manually  at  6000  feet  averaged  30.  9 feet  as  compared  to  28.  2 feet 
for  the  5000-foot  trials.  These  data  confirm  the  previous  conclusion  that 
reduced  operating  time  imposed  by  increased  operating  altitude  adversely 
affects  weapon  delivery  performance. 

When  operating  on  autopilot,  the  11.  1 foot  average  cross-track  miss 
distance  again  confirmed  the  capabilities  of  automatic  flight  control  in  signi- 
ficantly improving  weapon  delivery  performance  over  that  achieved  when 
flying  manually. 

Pilot  workloads  in  terms  of  external  target  detection  were  significantly 
influenced  when  flying  manually  at  6000  feet  (Table  18).  At  this  altitude 
36.  1 percent  of  the  lights  were  missed  (37.  3 percent  at  3000  feet),  reflecting 
a major  increase  over  the  19.  3 percent  missed  when  operating  at  1000  feet. 

In  summary,  the  reduced  operating  times  imposed  by  ligher  flight 
altitudes  reduce  weapon  delivery  accuracies  and  increase  workloads  when 
flying  manually.  When  autopilot  flight  controls  features  are  available,  com- 
parable performance  levels  may  be  maintained  through  the  available  operating 
altitudes. 


WIND /ALTITUDE 


A final  series  of  40  trials  which  combined  the  6000  foot  and  random 
wind  conditions  were  performed  by  two  of  the  four  pilot  subjects.  It  was  anti- 
cipated that  the  severe  demands  imposed  by  this  combination  of  conditions 
would  significantly  influence  both  weapon  delivery  accuracies  and  pilot 
workload. 

The  limited  data  reflected  in  Table  19  indicates  that  the  combination  of 
a random  wind  and  a maximum  operating  altitude  has  virtually  an  additive 
impact  on  weapon  delivery  performance.  Average  cross-track  miss  distance 
when  flying  manually  was  16.4  feet  in  a random- wind  condition,  and  30,  9 feet 
when  operating  at  6000  feet.  When  the  factors  were  combined,  an  average 
cross-track  miss  distance  of  43f  7 feet  was  recorded.  Similarly  an  average 
of  8.7  feet  (wind)  and  11.  1 feet  (6000  feet)  may  be  compared  to  an  average  of 
22.  8 feet  when  operating  on  autopilot  under  the  combined  wind/altitude 
conditions. 

Workloads  in  terms  of  missed  lights  were  comparable  to  those  recorded 
for  combination  trials  of  the  initial  series.  The  41.7  percent  (manual  flight 
control)  and  26.3  percent  (autopilot)  (Table  20)  accurately  reflect  the  increased 
demand  placed  on  the  pilot  in  the  more  severe  operating  environment. 
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TASK  PRIORITIES 

The  priority  which  the  pilot  assigns  to  the  various  tasks  resident  in 
the  weapon  delivery  trial  was  an  additional  variable  that  was  considered  in 
the  supplemental  trial  series.  During  the  wind  and  altitude  trials,  the  pilot 
was  asked  to  vary  his  task  priorities  through  each  set  (for  a total  of  four  sets) 


of  10  trials  as  follows: 
Number  of  Trials 

Primary 

Secondary 

4 

Weapon 

Light 

Delivery 

Detection 

4 

Light 

Weapon 

Detection 

Delivery 

2 

Both 

Both 

Figures  27  through  30  are  plots  of  40  runs  (some  data  points  repre- 
sent two  runs)  each  for  the  four  pilot  subjects.  Each  set  of  40  includes  20 
runs  in  which  the  altitude  was  fixed  at  1000  feet  and  random  wind  was  ap- 
plied, and  20  runs  in  which  the  altitude  was  raised  to  6000  feet.  In  addition, 
for  16  runs  the  pilot  was  instructed  to  concentrate  primarily  on  weapon 
delivery  and  secondarily  on  his  side  task.  For  another  16  runs  the  order 
was  reversed;  the  pilot  was  instructed  to  concentrate  primarily  on  the  side 
task  and  secondarily  to  weapon  delivery.  In  the  remaining  eight  runs,  the 
pilot  subjects  were  instructed  to  divide  their  attention  equally  between  the 
two  tasks.  In  all  cases  the  pilots  were  instructed  to  try  to  maintain  a con- 
stant total  effort.  It  was  intended  by  this  means  to  develop  empirically  a 
relationship  between  pilot  workload  and  pilot  performance.  From  the  scatter 
in  the  data  in  Figures  27  through  30,  no  such  relationship  is  evident.  It  is 
suspected  that,  although  explicit  instructions  were  given,  the  pilot  subjects 
have  a desire  to  perform  well  in  weapon  delivery  that  is  difficult  to  subordi- 
nate. The  data  for  test  subject  2 exhibits  to  a slight  degree  the  expected 
relationship  between  workload  and  performance. 

What  is  evident  in  the  data,  however,  is  that  whatever  the  skills  of 
the  individual  subjects,  the  automatic  mode  is  an  equalizer  providing  con- 
sistent steering  accuracy  under  25  feet.  The  manual  steering  results  reflect 
the  individual  skills  of  the  pilots. 
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